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ABSTRACT 
 
 
Part I:   
Porous carbons are of interest in many applications because of their high surface 
areas and other physicochemical properties, and much effort has been directed towards 
developing new methods for controlling the porosity of carbons.  Ultrasonic spray 
pyrolysis (USP) is an aerosol method suitable for large-scale, continuous synthesis of 
materials.  Ultrasound is used to create aerosol droplets of a precursor solution which 
serve as micron-sized spherical reactors for materials synthesis.  This work presents a 
precursor system for the template-free USP synthesis of porous carbons using low-cost 
precursors that do not evolve or require hazardous chemicals: sucrose was used as the 
carbon source, and sodium carbonate, sodium bicarbonate, or sodium nitrate was added 
as a decomposition catalyst and porogen.  The USP carbons had macroporous interiors 
and microporous shells with surface areas as high as 800 m2/g and a narrow pore size 
distribution.  It was determined that the interior porosity was a result of the gas evolution 
from salt decomposition and not from the presence of a salt template.   
Porous carbon is frequently used as a catalyst support because it provides high 
surface area and it is chemically and physically stable under many anoxic reaction 
conditions.  Typically, the preparation of supported catalysts requires multiple steps for 
carbonization and metal impregnation.  In this work, iron-impregnated porous carbon 
microspheres (Fe-C) were prepared by a one-step USP process by incorporating both the 
carbon and metal sources into the precursor solution.  Carbonization, pore formation, 
metal impregnation, and metal activation occurred simultaneously to produce Fe-C 
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materials with surface areas as high as 800 m2/g and up to 10 wt% Fe incorporated as 
nanoparticles < 20 nm in diameter.  Fe-C was used as a catalyst to reduce aqueous 
hexavalent chromium, which demonstrated the accessibility of the iron nanoparticles 
despite the fact that they are likely encapsulated in the porous carbon support.  
 
Part II:   
The effects of high intensity ultrasound arise from acoustic cavitation: the 
formation, growth, and collapse of bubbles in a liquid.  Bubble collapse produces intense 
localized heating (~5000 K), high pressures (~300 atm), and enormous heating and 
cooling rates (>109 K/sec).  In solid-liquid slurries, surface erosion and particle fracture 
occur due to the shockwaves and microjets formed from asymmetric bubble collapse at 
extended surfaces.     
The chemical and physical effects of ultrasound have been studied as an adjunct 
to the traditional chemical pretreatment of lignocellulosic biomass for ethanol production.  
Lignocellulosic biomass consists of cellulose, hemicellulose, and lignin.  The surface 
effects of ultrasound were used in this work to increase the accessibility of the cellulose, 
which can be converted to glucose and then fermented into ethanol.  The lignocellulosic 
biomass used in this work was Miscanthus  x giganteus (Mxg) which was grown at the 
University of Illinois at Urbana-Champaign.  The chemical effects of NaOH pretreatment 
on Mxg were enhanced by ultrasound:  greater delignification and a significant increase 
in the amount of pores >5 nm were observed.  ~ 70% of the theoretical glucose yield was 
obtained by enzymatic saccharification of the ultrasound-assisted NaOH-pretreated Mxg; 
this is comparable to the yields that can be obtained by traditional alkaline pretreatments, 
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but it was achieved in a shorter time and at a lower temperature.  Because the apparatus 
used for laboratory studies is not a likely device for scale-up, the economics of ultrasound 
with regards to energy balance are not yet resolved.   
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CHAPTER 1: APPLICATIONS OF ULTRASOUND TO  
MATERIALS SYNTHESIS AND PROCESSING 
 
 
1.1 Ultrasound in Chemistry 
Ultrasound is sound waves with frequencies greater than 20 kHz, which is the 
upper threshold for human hearing.  For the work in this dissertation, ultrasound has been 
used in two ways: (1) an aerosol generator to create liquid droplet “microreactors” for 
ultrasonic spray pyrolysis (USP) synthesis of materials, or (2) cavitation resulting from 
the irradiation of a liquid with high intensity ultrasound (HIUS).  The Suslick group has 
used both of these techniques and developed many new processes for controlling particle 
structure and composition.  USP and HIUS techniques for materials synthesis and 
processing will be reviewed in this chapter.   
 
1.2 Ultrasonic Spray Pyrolysis 
 
1.2.1 Introduction 
Spray pyrolysis is an aerosol technique for materials synthesis.1-3  A precursor 
solution is nebulized into droplets which serve as individual reactors that confine the 
chemical or physical reactions to a micron-sized spherical space.  In spray pyrolysis 
syntheses, the precursor thermally decomposes to form the final product.  Spray drying is 
a similar technique where a fluid feed material is transformed into a dry powder by 
spraying the feed into a hot drying medium,4 and only physical processes (i.e. solvent 
evaporation) are used to create the desired product (no chemical reactions occur during 
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spray drying).  Spray pyrolysis has several advantages over other traditional methods for 
materials synthesis:  it can be a continuous flow process, the process is easily scalable to 
industrial quantities, the composition of the product material can be easily controlled, and 
high purity materials can be produced.  For these reasons, spray pyrolysis is 
commercially used for the production of many materials.1-3 
The general preparation of fine powders by spray pyrolysis is illustrated in Figure 
1.1.  As the droplet passes through the heated furnace, the solvent evaporates from the 
droplet to produce a solid precursor particle; the precursor particle decomposes to 
generate the desired product, and volatile by-products are flushed away by the carrier gas.  
The choice of solute, solvent, furnace temperature, and carrier gas flow rate significantly 
influence the morphology of the final product.  As the solvent evaporates, the size of the 
droplet rapidly shrinks and further heating leads to supersaturation, at which point the 
solutes begin to precipitate at the surface of the droplet.  If the heating and evaporation 
occur more slowly and the solute has a relatively high solubility, a solid particle can be 
formed.  If the heating and evaporation occur rapidly enough and the solute has relatively 
low solubility, a shell of solute can form which will produce hollow particles.  The hot 
gas trapped inside the droplet may escape through the shell which can result in porous 
particles, or a very rapid release (from extreme temperature gradients) can even blow the 
shell apart.  Extended heating in the furnace will cause particle densification.  Note that 
typically aerosol synthesis creates one product particle from one droplet and this 
generally leads to the product particle having a spherical shape.  It is also possible, 
especially with high temperature liquids or fluxes within the droplets, to create multiple 
nucleation sites within a single droplet, and so smaller, nanosized particles can be 
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generated within a single droplet.  Depending on the precursor solution and reaction 
conditions, dense, porous, core-shell, highly-crystalline, amorphous, homogeneous, 
and/or composite materials can be produced. 
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Figure 1.1 Schematic of the physiochemical processes in spray pyrolysis. 
 
 
1.2.2 Aerosol Generation 
The method of aerosol generation plays a key role in influencing the size of the 
product particles.  There are a variety of methods for creating aerosols which are capable 
of producing droplets with diameters from 0.1 to 1000 μm with varying size distributions.  
This section will discuss aerosol generation techniques and review the many materials 
that have been produced by spray pyrolysis techniques. 
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1.2.2.1 Jet, Gas-Assisted, and Rotary Nebulizers 
Jet, gas-assisted, and rotary nebulizers are favored for industrial processes 
because they have high precursor delivery rates which allow for large-scale and 
continuous operation.  Jet nebulizers operate by forcing a liquid through a small aperture 
under high pressure, which forces the liquid stream apart into small droplets as it leaves 
the nozzle.  Although the high precursor delivery rate and high droplet concentration 
make this an attractive technique, the aerosol droplets produced by jet nebulizers are 
large (10 to 1000 μm) with a broad droplet size distribution.1,5  Gas-assisted nebulization 
uses the energy of a carrier gas to break up the liquid jets, which results in smaller 
droplets (typically <1000 μm) but the droplet size distribution is still relatively broad and 
the large volume of gas needed for this technique is a potential drawback.1,6  Rotary 
nebulizers operate by directing a liquid stream onto a disk spinning at a high rate of 
speed.  Centrifugal energy is transferred from the disk to the liquid, causing it to leave the 
surface of the disk and break apart.  Rotary nebulizers have high precursor feed rates and 
narrower droplet size distributions, but large particle sizes are still typically produced 
(diameters 10 to 1000 μm).1,5 
 
1.2.2.2 Electrostatic Nebulizers 
Electrostatic nebulizers transfer electrical charge to the stream of liquid precursor.  
Repulsive electrostatic forces build up as the charged stream of precursor leaves the 
nozzle, which causes the stream to break up into fine droplets.  Sub-micron droplets with 
a narrow droplet size distribution are possible with this technique.1,7,8 
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1.2.2.3 Ultrasonic Nebulizers 
Ultrasonic nebulizers use an ultrasonic transducer, typically operating between  
50 kHz and 2.4 MHz, to provide the energy needed for liquid nebulization.  When a 
liquid is placed in contact with an ultrasonically vibrating surface, a standing capillary 
wave is induced on the surface of the liquid.  An increase in the amplitude of the wave 
induces unstable oscillations, and the crests of the waves are torn away from the bulk 
liquid to produce droplets.  There are three classes of ultrasonic nebulizers: ultrasonic 
nozzles, ultrasonic horns, and submerged ultrasonic transducers.   
Ultrasonic nozzles operate by pumping a stream of liquid through a tube with 
ultrasonic transducers attached, and nebulization occurs from the surface around the 
orifice where the liquid exits the tube (Figure 1.2a).  Ultrasonic horns operate in a similar 
manner except the liquid is delivered externally to the vibrating tip rather than through 
the tip; therefore ultrasonic horns must have an alternative liquid delivery system in order 
for continuous nebulization to occur.  Ultrasonic nozzles and horns produce droplets with 
diameters >20 μm with narrow droplet size distributions.   
Submerged ultrasonic transducers operate by placing the piezoelectric element in 
direct contact with the liquid being nebulized (Figure 1.2b).  This kind of nebulizer is 
typically found in household humidifiers.  Figure 1.3 shows a photograph of the 
ultrasonic fountain produced from 1.65 MHz submerged transducer. 
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a b
 
 
Figure 1.2 (a) Commercially available ultrasonic nozzle (Elliot Equipment).  
(b) Schematic of submerged ultrasonic nebulizer and spray pyrolysis system.9   
  
 
~1 cm  
Figure 1.3 Photograph of an ultrasonic fountain produced from a 1.65 MHz submerged 
ultrasonic transducer.10 
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Wood and Loomis described the droplet formation by low frequency ultrasound 
in 1927,11 and Lang experimentally established the relationship between ultrasonic 
frequency and droplet size in 1962.12  Ultrasonic nebulization occurs when the amplitude 
of the capillary waves is sufficiently high enough for the crests of the waves to break off 
and form liquid droplets.  The Lang equation (Eq. 1.1) describes how ultrasonic 
frequency (f), surface tension (γ), and density (ρ) are related to droplet diameter (Dd).  In 
the case of water, droplets ~5 μm in diameter are produced from a 1.65 MHz ultrasonic 
transducer.   
 
3/1
2
834.0 





=
f
Dd ρ
πγ
 
(1.1) 
If the concentration of the precursor solution (Cs), molecular weight (M), and 
product density (ρp) are known, then the average particle size (Dp) can be estimated  
(Eq. 1.2).  Aqueous solutions containing precursor concentrations in the range of 0.02 M 
to 2.0 M which are nebulized using 1.65 MHz ultrasound produce product particles with 
diameters in the range of 200 nm to 2 μm. 
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(1.2) 
Colloidal particles can be incorporated into the precursor solution, however, they 
have to be small enough and the concentration must be low enough to stay in the droplet 
during nebulization; in the case of water, the particles must be less than ~100 nm in 
diameter.13   
The liquid level above the transducer, the ultrasonic power, and the carrier gas 
flow rate can all influence the overall aerosol flow rate.  Table 1.1 compares the 
properties of ultrasonic nebulizers to those of other nebulizers. 
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Table 1.1 Comparison of different nebulization methods.1 
Nebulizer 
Type 
Avg. Droplet 
Size 
Droplet Size 
Distribution 
Gas 
Flow Rate 
Droplet 
Delivery Rate 
Ultrasonic 
(submerged) 1 to 10 μm Narrow Low Low 
Ultrasonic 
(nozzle) 10 to 1000 μm Medium Low Medium 
Electrospray 
 <1 to 1000 μm Narrow Low Low to High 
Rotary 
 10 to 1000 μm Broad Low High 
Air-
Assisted 
 
<1000 μm Broad High High 
Pressure 
 10 to 1000 μm Broad Low High 
 
1.2.3 Versatility of Spray Pyrolysis 
The production of metal oxide powders via spray pyrolysis has been studied in 
depth.1,2  In general, any metal oxide can be prepared from a readily-available water-
soluble salt.  Typical examples of precursors include metal chlorides, nitrates, acetates, 
hydroxides, and metal complexes (e.g., peroxo-, ammonium, lactate, oxo-).  The ready 
availability of suitable precursors clearly demonstrates the utility of spray pyrolysis for 
preparing nearly any mono- or mixed-metal oxide powder. 
A vast number of monometallic oxide powders have been produced by spray 
pyrolysis techniques, including iron oxides (Fe2O3, Fe3O4, FeO),14-23 SnO2,24 NiO,25-30 
ZnO,28,31-34 MgO,28 ZrO2,35-38 Y2O3,39,40 Al2O3,41-46 Co3O4,47-49 TiO2,35,50,51 V2O5,52 and 
Bi2O3.52,53 Additionally, many multi-metal oxide powders have been prepared including 
spinels54 (e.g.,  NiFe2O4,55 MgAl2O4,56-58 LiMn2O4,59,60 ZnFe2O4,61 and ZnCr2O462) and 
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perovskites63 (e.g., LaCoO3,64-66 LaFeO3,67 BaTiO3,68,69 SrTiO3, and Pb[ZrxTi1-x]O370-72) 
as well as superconductors (e.g., YBa2Cu3O7-x73,74).  Binary metal oxides (e.g., Al2O3-
SiO2) have also been prepared.75 
Often the spray pyrolysis synthesis of metal powders employs similar precursors 
as the synthesis of metal oxide powders, however oxygen is excluded from the system 
and reductive gases (e.g., H2, CO) are used or a reducing agent might be added to the 
precursor solution to ensure that the metal is formed.  For example, Kodas and coworkers 
produced Pd powders from Pd(NO3)3 by using N2 as a carrier gas, whereas PdO was 
formed when O2 was used as the carrier gas.76  Other reports of metal powders include 
Ni,77-79 Pd,80 bimetallic Au/Pd81, Ag,80,82-84 Au,85 Cu,79 and Co.86  
Spray pyrolysis has been used to prepare non-oxide materials such as metal 
nitrides, carbides, and chalcogenides.1  An inert atmosphere and a non-metal precursor 
(e.g., H2S, NH3, CH4) are required for the preparation of such materials, unlike oxides 
which can be created using air as a carrier gas.  Single source precursors which contain 
both the metal and non-metal elements have been reported in the literature and have been 
shown to improve product purity, composition, and stoichiometry.87-90 
A laser spray pyrolysis process has been used to produce Si/C/N,91 Si/O/C,92 and 
SiCN(B)93 composites.  In these syntheses, the laser light was absorbed by the precursors 
and induced the necessary chemical reactions to produce preceramic spheres, and 
additional heat treatment was needed for crystallization.  Si3N4 spherical particles were 
prepared by the spray pyrolysis of SiHCl3 and MeSiHCl2 in acetonitrile (i.e., polysilazane 
precursors),94 and annealing at 1400 °C was required for the preparation of crystalline 
samples.  Boron nitride particles were prepared from a single-source precursor.89   
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Bang and Suslick prepared TiN from the post-synthesis treatment of ZnTiO4 
generated by USP (Figure 1.4).95  The post-treatment in ammonia gas reduced the zinc to 
the metallic state, which was then volatilized out of the product at high temperature.   
 
 
Figure 1.4 (a) SEM and (b) TEM images of Zn2TiO4 hollow spheres, and (c) SEM and 
(d) TEM images of mesoporous TiN microspheres.95 
 
Okuyama and coworkers prepared ZnS and CdS particles by spray pyrolysis of 
solutions containing Zn(NO3)2 or Cd(NO3)2 and SC(NH2)2.96  ZnS has also been prepared 
by spray pyrolysis of single-source precursors.87,88  The Suslick group has prepared 
ZnS:Ni2+ porous hollow shells (Figure 1.5)97 and mesoporous MoS2 (Figure 1.6)98  by 
spray pyrolysis using silica templates.   
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Figure 1.5 (a) SEM and (b) TEM images of nanostructured ZnS:Ni2+ hollow 
microspheres.97 
 
 
 
Figure 1.6 SEM image of MoS2 prepared by USP with colloidal SiO2 templates.98 
 
1.2.4 Porous Materials Prepared by Spray Pyrolysis 
The Okuyama and Suslick groups have developed template methods for preparing 
metal oxide materials with different morphologies.  Their approach was to incorporate a 
removable template material into the precursor solution or generate the template in situ 
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during pyrolysis.  Composite materials are formed and then the template is removed 
either in situ or by post-collection chemical treatment.  
Okuyama and coworkers prepared nanostructured SiO2 microspheres by the 
aerosol drying of suspensions of colloidal silica particles (colloid diameters 4 to  
100 nm).99  They found that the droplets containing the silica colloids formed submicron-
sized agglomerates with hierarchical structures, and that the size of these structures 
decreased with increasing colloid size (Figure 1.7).   
 
 
Figure 1.7 SEMs (Mag. 150K) of nanostructured SiO2 powders prepared by spray drying 
colloidal SiO2 suspensions (200 °C).  Colloidal SiO2 size: (A) 4 to 6 nm, (B) 10 to 20 nm, 
(C) 40 to 60 nm, (D) 80 to 100 nm.  SEMs (Mag. 600K) of nanostructured SiO2 powders 
(10 to 20 nm SiO2).  Temperature: (E) 200 °C and (F) 1200 °C.99 
 
 
In a later study, the Okuyama group developed a one-step synthesis of spherical 
SiO2 particles containing self-organized mesopores using a colloidal mixture of SiO2 
nanoparticles and polystyrene nanoparticles as the precursor.100  The precursor was 
sprayed into a two-zone heated furnace: in the first zone, the solvent was evaporated at a 
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low temperature to produce a SiO2/polystyrene composite, and then at a higher 
temperature in the second zone, the polystyrene spheres were evaporated which 
introduced pores into the SiO2 matrix (Figure 1.8).  The Okuyama group later extended 
this approach to prepare ZrO2, Al2O3, and Y2O3 with ordered macropores from aqueous 
precursor solutions containing metal nitrate salts and polystyrene beads.101 
 
 
Figure 1.8 (a) Low magnification and (b) high magnification SEM images of silica 
powders prepared using 5 nm silica particles with 178 nm polystyrene latex template 
particles in a two-zone furnace system.9  
 
Suh and Suslick developed a synthesis of porous oxides using organic monomers 
(i.e., styrene) as templates instead of expensive polymer beads (Figure 1.9).10  The 
precursor solution, which contained the organic monomer, cross-linker, radical initiator, 
colloidal SiO2, and surfactant, was nebulized into a two-furnace system.  In the first, low 
temperature furnace, solvent evaporation and polymerization occurred to produce a SiO2-
polymer composite.  In the second, high temperature furnace, the polymer was pyrolyzed 
and removed to produce porous SiO2 spheres.  The morphology and surface area of the 
final porous SiO2 powder was controlled by varying the SiO2 to monomer ratio. 
Ferromagnetic Co-doped SiO2 particles were also prepared by the addition of Co2(CO)8 
to the precursor solution.   
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Figure 1.9 (a) SEM of Co-doped porous SiO2 produced by USP. (b) Inner worm-like 
structure is shown after sputtering.10 
 
Suh and Suslick prepared porous, hollow, and ball-in-ball metal oxide 
microspheres using USP.102  The precursor solution contained a Ti(IV) complex and  
colloidal SiO2, which produced TiO2-SiO2 composites; a first-row transition metal 
precursor could also be incorporated to prepared metal-doped microspheres.  The SiO2 
was etched out of the composite by a post-collection HF treatment to produce porous 
TiO2 spheres.  This work demonstrated the ability to control particle morphology through 
post-collection chemical treatment (Figure 1.10). 
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Figure 1.10 SEM images of (a) SiO2-TiO2 composite as prepared by USP and (b) after 
HF treatment to remove SiO2.  SEM images of (c) TiO2-TiO2 composite with cobalt 
oxide nanoparticles as prepared by USP and (d) after HF treatment to remove SiO2.  (e) 
SEM and (f) TEM images of ball-in-ball TiO2 spheres with cobalt oxide nanoparticles 
after HF treatment.102 
 
The Brinker group103 developed a technique for producing SiO2 particles with 
complex architectures without the use of a hard template.  This method used evaporation-
induced interfacial self-assembly within the aerosol droplets to develop porosity and 
hierarchical structure.  They also prepared porous SiO2 using surfactants, polymer 
spheres, and microemulsion templating methods.  The surfactant was used as a secondary 
template to form a mesophase to interconnect the macropores formed from the polymer 
spheres.104  Recently, the Brinker group has applied the evaporation-induced self-
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assembly technique to prepare Fe3O4, SiO2, and CuO mesospheres.105  The structure of 
the self-assembly was controlled by adjusting the solvent evaporation rates.  
 
 
Figure 1.11 Porous SiO2 particles prepared by the evaporation-induced self-assembly 
technique.103 
 
Skrabalak and coworkers prepared macroporous SiO2 using simple inorganic salts 
as a pore template and colloidal SiO2 as building blocks to the larger porous particles 
(Figure 1.12).106  The use of template salt eutectics with low melting points was vital to 
macroporous particle synthesis, because it allowed for a dynamic droplet phase to be 
maintained throughout particle formation. 
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Figure 1.12 SEM images of porous SiO2 prepared from various mole ratios 
NaNO3/LiNO3 eutectic salt to Ludox SiO2 TM-40 at 500 °C: (A) no salt, (B) 1:1,  
(C) 1.5:1, and (D) 2:1 mol ratio.106   
 
1.2.5 Nanoparticles and Quantum Dots Prepared by Spray Pyrolysis 
Okuyama and coworkers studied the effect of precursor concentration for the 
production of ZnS and CdS particles96 and found that the size decreased as concentration 
was decreased, as expected (Eq. 1.2), but the concentration of precursor required to 
produce nanoparticles is extremely low and therefore the particle production rate is so 
slow that it is impractical.  The Okuyama group and the Suslick group have developed 
variations of spray pyrolysis which were able to overcome the concentration limitation 
for producing nanoparticles, which they respectively called salt-assisted aerosol 
decomposition (SAAD) and chemical aerosol flow synthesis (CAFS). 
In the SAAD process, a high concentration of a salt is added to the precursor 
solution and the molten salt droplet acts as a high temperature solvent which prevents 
agglomeration of the particles that were created from multiple nucleation sites within a 
18 
 
single droplet.  The salt is then washed away to leave the product nanoparticles.  
Okuyama studied Y2O3-ZrO2 particles prepared by the traditional spray pyrolysis method 
and the SAAD method, and showed that the traditional method prepared particles  
0.66 ± 1.76 μm in diameter whereas the SAAD method produced particles 12.8 ±1.19 nm 
in diameter (Figure 1.13).107  Zachariah and coworkers studied the preparation of Al2O3 
particles by the SAAD method and their results suggested that the melting point of the 
salt and possibly the product solubility are important to the SAAD process.108  Ag-Pd,107 
ZnS,107 CeO2,109 NiO,110 BaTiO3,111 ZnO,112,113 hydroxyapatite,114 CuO,115 α-MnO2,116 
Co3O4,116 Ga2O3,117 and LaMnO3118 nanoparticles have been synthesized with the SAAD 
method. 
 
 
Figure 1.13 (a and c) SEM and (b) TEM before washing of Y2O3-ZrO2-salt composites 
prepared by SAAD, and (d) TEM after washing of of Y2O3-ZrO2 nanoparticles.107 
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Recently, Skrabalak and coworkers prepared Bi2WO6 nanoplates (Figure 1.14) by 
USP by selecting precursors that undergo a methasis reaction (e.g., BiOCl colloids and 
Na2WO4) to yield non-transient byproducts.119   Bi2WO6 formation likely nucleated at 
multiple spots within the droplet, but the NaCl salt byproduct inhibited sintering between 
the formed crystals and they grew into larger particles with the most thermodynamically 
favored facet expressed.  The nanoplates were single-crystalline particles and had an 
average diameter of 433 nm and an average thickness of 46 nm.  This was the first 
demonstration of coupling a methasis reaction with USP to prepared single-crystalline 
shape-controlled particles.   
 
 
Figure 1.14 (A) SEM and (B) TEM images of Bi2WO6 microspheres prepared by 
traditional USP, and (C) SEM and (D) TEM images of Bi2WO6 nanoplates prepared by 
the USP methasis reaction.119   
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Didenko and Suslick120 developed chemical aerosol flow synthesis (CAFS) in 
which the precursor solvent is a mixture of a low boiling point solvent and a high boiling 
point solvent.  The furnace temperature (180 to 400 °C) is kept in a range so that the low 
boiling point solvent evaporates but droplets of the high boiling point solvent remain. 
Didenko and Suslick were able to prepare CdS, CdSe, and CdTe quantum dots with 
narrow size distributions by CAFS.  The size of the quantum dots could be tuned by 
adjusting the precursor concentration or the furnace temperature.  This resulted in a shift 
in the fluorescence and absorbance spectra of the quantum dots.  Bang121 later extended 
this CAFS technique to prepare CdTeSe and CdTeS that fluoresced in the red to near-IR 
regions.  Changing the composition ratio of Te to Se permited bandgap tuning of CdTeSe 
quantum dots, and replacing selenium with sulfur in the precursor solution increased the 
quantum efficiency of CdTe QDs up to ~37%. 
 
   
Figure 1.15 (a) TEM image of CdSe QDs produced by USP at 340 °C and (b) 
photoluminescence spectra of CdSe QDs obtained at temperatures of 240, 260, 280, 300, 
320, and 340 °C (from left to right) in toluene solution (Inset: photograph of 
photoluminescence of the corresponding QDs in toluene solution).120 
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Helmich and Suslick122 developed a modified CAFS synthesis of hollow metallic 
aluminum nanoparticles (Figure 1.16) without the use of templating agents by nebulizing 
trimethylamine aluminum hydride (TMAH) in the presence of TiCl4 vapor.  The hollow 
morphology originated from the formation of metallic aluminum at the surface of the 
droplet where TiCl4 diffused into the TMAH droplet and the evolution of gases from 
TMAH decomposition from within the droplet.  The aluminum nanoparticles were ~300 
nm in diameter and the porous shell was ~25 nm thick.  Powder x-ray diffraction showed 
peaks corresponding to fcc aluminum, and TEM and XPS revealed an amorphous oxide 
layer ~5 nm thick.  Under ambient conditions, the aluminum nanoparticles were stable 
for five months and no change in the thickness of the oxide layer was observed. 
 
 
Figure 1.16 TEM image showing surface layer of oxidized aluminum and pores leading 
to the interior of the particle from a sample synthesized from 1 M TMAH at 100 °C.122 
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1.2.6 Summary 
Section 1.2 has illustrated the versatility of spray pyrolysis for preparing materials 
of a variety of compositions including metal oxides, metals, nitrides, and chalcogenides.  
The morphology of the particles was controlled by choosing appropriate precursors and 
by using templating agents.   
 
 
1.3 High Intensity Ultrasound 
 
1.3.1 Acoustic Cavitation 
The effects of ultrasound are not derived directly from an interaction between the 
sound waves and molecules; the frequencies of ultrasound are approximately 15 kHz to 
10 MHz, corresponding to acoustic wavelengths of about 10 to 0.01 cm which are not 
comparable to molecular dimensions.  Instead, the effects of ultrasound arise from 
acoustic cavitation: the formation, growth, and collapse of bubbles (i.e., gas-filled 
cavities) in a liquid (Figure 1.17).  The bubbles are initially formed by the expansion 
phase of a sound wave at a weak point in the liquid (such as gas-filled crevices in 
suspended particulate matter or from transient microbubbles from prior cavitation 
events), and the bubble will expand and collapse with the pressure applied by the sound 
field.  As the bubble volume increases during the expansion phase, the pressure inside the 
bubble decreases and volatile species diffuse into the bubble to account for the change in 
pressure.  As the bubble volume decreases during the compression phase, the pressure 
inside the bubble increases and some molecules will diffuse out of the bubble to 
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minimize the pressure difference. The surface area of a shrinking bubble is smaller so 
fewer volatiles leave the bubble than entered and thus the radius of the bubble will 
increase over multiple cycles.  Once the bubble grows to be several hundred microns in 
diameter, it becomes unstable and the bubble implosively collapses.  The collapse creates 
extreme temperatures and pressures on the order of 5000 K and 300 atm, and cooling 
rates are >109 K/s.  Light emission during cavitation has been observed, and this 
phenomenon is known as sonoluminescence (SL).  Analysis of SL spectra collected 
under different physical and chemical conditions has greatly contributed to the 
understanding of cavitation. 
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Figure 1.17  Schematic of the ultrasound acoustic pressure and corresponding bubble 
growth during acoustic cavitation.123 
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1.3.2 Sonoluminescence 
Sonoluminescence is the light emission that results from the extreme conditions 
created in a cavitating bubble (Figure 1.18).  This phenomenon was first observed from 
sonication of water in 1934 by Frenzel and Schultes,124 and since then it has been studied 
by several other research groups.  Because of the transient nature of cavitating bubbles, 
direct measurements of the conditions within the bubble cannot be made, but the Suslick 
group has used sonoluminescence as a spectroscopic probe to investigate the 
temperatures125-131 and pressures132,133 within the bubbles.  They have investigated both 
single and multi-bubble sonoluminescence.134-138  The Suslick group has studied 
sonoluminescence in water139,140 and other liquids141,142 including ionic liquids143,144 and 
acids.145,146  Eddingsaas and Suslick have also studied mechanoluminescence resulting 
from the sonication of crystal slurries.147,148 
 
 
Figure 1.18 Photograph of multi-bubble sonoluminescence.   
Courtesy of Dr. David J. Flannigan. 
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1.3.3 Sonochemistry 
The Suslick group found that the sonication Fe(CO)5 produced a mixture of 
Fe3(CO)12 and finely-divided iron.149  The ratio of these products was dependent on the 
temperature inside the bubble, which could be controlled by using solvents with different 
volatilities.  Sonication of Fe(CO)5 produces amorphous iron powder (Figure 1.19a) in 
low temperature liquid due to the rapid heating and cooling rates experienced during 
cavitation.150,151  The amorphous metal was shown to be 96% iron with trace amounts of 
carbon (3%) and oxygen (1%).   Amorphous iron was shown to be a soft ferromagnet.152  
Fe(CO)5 was sonochemically decomposed in the presence of a stabilizer 
(polyvinylpyrrolidone or oleic acid) to create nanosized iron colloids (Figure 1.19b).153  
The nanocolloids were 3-8 nm in diameter and exhibited superparamagnetic properties.     
Analogous reactions were observed for other carbonyls such as Cr(CO)6, Mo(CO)6, 
W(CO)6, and Mn2(CO)10,154 but Re2(CO)10 was found to be sonochemically inert, 
possibly because cavitational heating was insufficient to induce metal-metal bond 
cleavage or CO dissociation.155 
 
 
Figure 1.19 (a) Amorphous iron and (b) iron colloids prepared by the sonication of 
Fe(CO)5.150,151,153 
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Iron nanoparticles supported in silica were prepared sonochemically156,157 by 
sonicating Fe(CO)5 in the presence of a silica support.  The sonochemically prepared 
supported catalysts were tested for Fischer-Tropsch catalysis and they showed higher 
activity at lower temperatures than catalysts prepared by traditional methods, which was 
attributed to the better dispersion of iron nanoparticles achieved by the sonochemical 
process.   
Mo2C catlaysts were prepared by sonochemical synthesis and demonstrated 
enhanced activity for dehydrogenation of cyclohexane, and the activity and selectivity 
was comparable to the more expensive platinum catalysts.156-158  Several years later, 
Dantsin prepared Mo2C/ZSM-5 bifunctional “eggshell” catalysts which were active for 
methane aromatization.159  The Mo2C was deposited only on the surface of the ZSM-5 so 
it didn’t block the channels of the zeolite.  Sonochemical Mo2C was also used as a 
catalyst for the hydrodehalogenation of halogenated organic compounds.160 
MoS2 nanoparticles161 and MoS2/Al2O3 supported catalysts162 were prepared 
sonochemically and were active for hydrodesulfurization (HDS) of thiophene and 
dibenzothiophene.  The catalysts were 2-3 times more active than commercial Crossfield 
catalysts.  Hollow MoS2 particles were prepared sonochemically by using silica 
nanoparticles as templates followed by acid etching to remove the silica (Figure 1.20).163  
The hollow particles showed higher activity for HDS of thiophene than the 
sonochemically prepared nanoparticles. 
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Figure 1.20 Hollow MoS2 particles prepared sonochemically.163 
 
In 2007, Bang prepared hollow hematite particles using carbon nanoparticles as a 
template (Figure 1.21).164  The Fe/C composite rapidly oxidized during the drying 
process in air, which released heat and ignited the carbon template particles, so the 
template was spontaneously removed leaving hollow particles.   
 
 
Figure 1.21 (a) Bright-field TEM image and (b) dark-field TEM image (inset:  SAED 
pattern) of nanosized hollow iron oxide. 164 
 
In 2010, Xu and Suslick prepared silver nanoclusters composed of roughly a 
hundred atoms by the sonication of aqueous Ag(NO)3 solutions in the presence of 
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polymethylacrylic acid (PMMA) as a capping agent.165,166  The polymer was used to 
prevent oxidation and agglomeration, and the polymer identity and molecular weight 
could be varied to control the physical properties of the silver nanoclusters.  The 
nanoclusters showed excellent fluorescent properties and were stable under ambient 
aqueous conditions. 
 
1.3.4 The Physical Effects of Ultrasound and Heterogeneous Sonochemistry 
When a bubble collapses near an extended surface, the collapse is asymmetric.  
The bubble wall accelerates inward and results in the formation of a liquid microjet also 
traveling inward that passes through the opposite side of the bubble and impacts the 
surface (Figure 1.22).167,168   Lauterborn167,168 captured a series of photographs of a 
bubble collapsing near an extended surface (Figure 1.23) which show how the bubble 
oscillates and then implosively collapses in on itself.    
 
 
 microjet 
 
Figure 1.22 Schematic (left) and photograph (right) of a bubble collapsing at an extended 
surface and the resulting microjet.  Photograph courtesy of L. A. Crum. 
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Figure 1.23 Photographs of a bubble collapsing near an extended surface  
(75,000 fps).167,168 
 
If the extended surface is sufficiently larger than the collapsing bubble, the 
microjet causes surface erosion.  If the extended surface is smaller, i.e. a particle, the 
energy of the microjet is transferred to the particle and the particle is accelerated through 
the liquid.  The shockwaves from acoustic cavitation can also propel smaller particles 
through the liquid.  Collisions between the moving particles will occur and can lead to 
changes in surface morphology and composition.  Friable solids can be fractured by the 
microjets and shockwaves, and the acoustic streaming enhances liquid-solid mass 
transport. 
Suslick and Green and coworkers found that sonication of layered inorganic 
solids (ZrO2, V2O5, TaS2, MoO3) caused a decrease in particle size.169  The initial 
particles were 60-90 μm, but after a few minutes of ultrasonic irradiation, the particle 
diameters were reduced to 5-10 μm.  Further sonication did not have any additional effect 
on particle size, because the microjets do not affect smaller particles.  An increase in 
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surface area of larger particles was observed, but no effect on the surface area of smaller 
particles was seen.  Brittle solids experienced surface erosion and pitting of the surface 
from sonication, but the surfaces of malleable transition metals were smoothed from 
sonication.  It was found that the intercalation rate of organic and organometallic 
compounds into layered inorganic solids was greatly enhanced due to the initial particle 
size diminution from sonication rather surface damage.170  Other studies on inorganic 
materials such as kaolins171,172 and vermiculite173,174 demonstrated delamination and 
fracture of the materials without any changes in the crystallinity.  Raman and Abbas 
sonicated a slurry of aluminum oxide particles with in-line particle size monitoring and 
reported that higher sonication powers resulted in high breakage and that the breakage 
rate was highest during the initial period of sonication.175 
Slurries of Ni, Cu, 176,177 and Zn178 powder in decane were irradiated with high-
intensity ultrasound and the morphology, surface area, and catalytic activity were studied.  
The initial particles were 5-10 μm in diameter, and no change in particle size was 
observed after one hour of sonication.   The surface morphology of the particles was 
smoothed from sonication.  There was an initial small increase in surface area upon 
ultrasonic irradiation, but after further irradiation, the surface area decreased due to 
particle agglomeration.  The particles agglomerated into >30 μm featureless masses.  
These changes in morphology were due to interparticle collisions resulting from 
sonication: smoothing of the surface was a result of particles colliding in a glancing 
fashion, and aggregation was a result of particles colliding head-on.  Auger electron 
spectroscopy (AES) of the Ni and Zn powders showed that the surface oxide coating was 
reduced after sonication (a residual oxide layer was likely due to oxidation during sample 
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transfer), and small amounts of surface carbon (<10%) were observed after ultrasonic 
irradiation.  AES of the Cu powder showed that the initial ~300 Å surface oxide layer 
was completely removed during ultrasonic irradiation, and a surface layer of ~60% 
carbon was deposited.  The carbon layer deposition was due to solvent decomposition at 
the active surface of the metal.  Ultrasonic irradiation increased the Ni hydrogenation 
catalyst activity by >105 and the increased the reactivity of Cu powders as a 
stoichiometric reagent.  Sonicated Zn powder used in the Reformatsky reaction of 
benzaldehyde and ethylbromoacetate resulted in yields >95% and a 50-fold increase in 
the observed maximum rate of reaction.  Ultrasonic irradiation of a slurry of larger Cu 
particles 75 μm in diameter179 showed that there was no change in particle size and no 
agglomeration occurred even after 4 hours of ultrasonic irradiation.  After the first hour 
of sonication, the surfaces of the particles were completely smoothed but the copper 
oxide layer was still present and cracking of the oxide layer was evident.  Continued 
sonication caused the oxide layer to break off of the surface of the particle and the 
metallic interior was revealed.  Microjet pitting from 20 kHz ultrasound only affects 
particles greater than 100 μm in diameter, so the surface effects observed for the 75 μm 
Cu powders were due to interparticle collisions.  Unlike the sonication of smaller 
particles of Cu, no particle aggregation was observed because the larger particles move at 
slower speeds.   
Casadonte and Sweet studied the sonication of mixed-metal heterogeneous 
systems of Co/Ni, Al/Ni, Al/Co, Cu/Mo.180-182  The initial particle sizes were all <15 μm.  
They found that coating of the particles resulted from the glancing impacts of 
interparticle collisions, where fragments of the softer materials were transferred to the 
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harder surface.  In the case of Co/Ni, where Ni is about 8 times softer than Co, they found 
that the Co particles were completely covered by Ni.  In the case Cu/Mo, where the 
metals are immiscible, they found that sonication resulted in Cu coating Mo particles, and 
Mo was only found on Cu in the cases of direct impact.  They studied the sonication of  
5 μm Ni and 250 μm Mg and found that no coating of Ni on Mg or Mg on Ni occurred, 
presumably because the shockwaves lacked sufficient energy to propel the larger Mg 
particles.    
Further investigations of the sonication of a series of transition metal powders <5 
μm in diameter were used to probe the maximum temperature and speeds reached during 
interparticle collisions.183  Extensive particle fusion occurred from 30 min ultrasonic 
irradiation of slurries of metals of increasing melting points: Sn, Zn, Ni, Fe, Cr,  
Mo (m.p. 2617 °C), but no particle fusion was observed in slurries of W (m.p. 3410 °C).  
It was concluded that the effective temperatures reached during interparticle collisions 
must be between 2600 °C and 3400 °C for particles ~10 μm in diameter which matches 
the spectroscopic data obtained from sonoluminescence studies.  The observed necking at 
the impact site originates from the rapid cooling of the molten collision zone as the 
particles rebound immediately after impact (Figure 1.24a).  The velocity of impact was 
calculated to be ~500 m/s by using the heats of fusion of each metal and estimating the 
volume of the necks.  Prozorov and Suslick developed a model for interparticle collisions 
by conducting further studies on zinc powder using slurries of different concentrations 
and particles of different sizes.184  They found that the slurry concentration had limited 
effects on interparticle collisions, but they developed an equation for particle velocity as a 
function of particle radius and found that agglomeration only occurred over a fairly 
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narrow range of radii in the regime of a few microns.  Shockwaves from cavitation 
cannot accelerate particles too large or too small to sufficient velocities to induce local 
melting upon impact (Figure 1.24b). 
 
 
Figure 1.24 (a) SEM of zinc particles fused together after ultrasound-induced particle 
collision.183 (b) Calculated velocity as a function of Zn powder radius. The critical 
velocity necessary for collisional agglomeration determines the particle size range over 
which agglomeration will occur.184 
 
The Ohtani group prepared copper and silver chalcogenides from their elemental 
precursors by ultrasound-assisted interparticle collisions.185,186  The ultrasound-assisted 
process is an alternative to mechanical alloying methods.  Ohtani used an ultrasonic 
cleaning bath (8 kHz) to sonicate a stoichiometric ratio of Cu and Se metals in methanol 
for up to 8 hours.  Initially, the Cu particles were spheres <30 μm in diameter and the Se 
particles were irregular, angular polyhedral 20-60 μm in size.  The composition of the 
materials at different time points during the sonication was determined by XRD.  They 
saw that the composition went through several intermediates to eventually yield Cu3Se2 
after 8 hours of sonication.  The morphology of the particles at different time points 
during the sonication was observed by SEM.  After 60 min of ultrasound, the particles 
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were crushed and the cross-section of the particles exhibited a clear boundary between 
the reacted and unreacted regions (Figure 1.25):  spherical particles showed that there 
was a core of pure Cu and an outer layer that peeled away from crushing which was 
composed of a mixture of Cu and Se, and polyhedral particles showed that there was a 
core of smooth Se and an outer granular layer of a mixture of Cu and Se.  Thus, they 
concluded that the reaction proceeded from the surface toward the inside of the particle.  
After 8 hours of sonication, the particles retained their initial morphology (i.e., it was a 
mixture of spherical and polyhedral particles), but they all had a uniform composition of 
Cu3Se2.  Similar results were observed for the sonication of a mixture of 10 μm silver 
spheres with the polyhedral Se particles: a clear boundary between reacted and unreacted 
material could be observed and the final particles retained their original morphology, but 
the composition was uniformly Ag2Se.  The retention of initial morphology indicated that 
the interparticle collisions were not as intense as those induced by titanium horns.  
Similar reactions could be observed from the elemental precursors in methanol without 
the use of ultrasound, but they were much slower reactions. The interparticle collisions 
caused by ultrasound speed up the reaction even though they are not intense enough to 
change the final morphology of the particle. 
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Figure 1.25 (a) SEM images of cross sections of crushed Se particles reacted with Cu 
and (b) SEM image of Cu particle reacted with Se obtained by irradiating the mixture of 
(3Cu + 2Se) with ultrasound at room temperature for 180 min.186 
 
The Gedanken group studied the effects of ultrasound on a slurry of amorphous 
silica spheres and found that the spheres aggregated as a result of ultrasound-driven 
condensation of surface silanols.187  Price and coworkers demonstrated that polymer 
particles are subject to the same types of agglomeration and fragmentation processes that 
have been reported for metals and other inorganic solids,188 although the temperatures 
and pressures experienced by the polymers during interparticle collisions cannot be as 
high as those experienced by metals because those conditions would vaporize the 
polymers.  While there have been many reports on aggregation of small particles, 
ultrasound has also been used for the deagglomeration of nano-sized ceramic powders in 
liquid suspensions.189-191 
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1.4 Summary 
Ultrasound has been used to prepare a wide variety of materials either by spray 
pyrolysis or high intensity ultrasound.  Table 1.2 compares these two ultrasound 
techniques.   
 
Table 1.2 Comparison of ultrasonic spray pyrolysis and high intensity ultrasound.192 
 Ultrasonic Spray Pyrolysis High Intensity Ultrasound 
Reaction Site Liquid microdroplets Gas bubbles 
Conditions 500-1300 K, 1 bar ~5000 K, 1000 bar 
Reactants Nonvolatile solutes Volatiles primarily 
Cooling rates 104 K/s >1010 K/s 
Templating Easy Easy 
Heating zone Multiple hot zones possible Single extreme hot zone 
Scalability Easily scalable: ton/day Scalable: kg/day 
Particle size control Sub-micron or nanoparticles Sub-micron or nanoparticles 
Composition control Easy Easy 
Anisotropic shapes Typically no Yes 
Hollow structures Yes Yes 
Core/shell structures Yes Yes 
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CHAPTER 2:  POROUS CARBON MATERIALS 
 
 
2.1 Introduction 
 
2.1.1 Porous Carbon Materials 
The phrase “activated carbon” is used to describe amorphous carbon materials 
that have been processed in such a way as to create a very porous structure with high 
surface area.1  Ancient cultures such as the Egyptians and Hindus prepared activated 
carbon materials from carbonized wood and used them as adsorbents for filtering water 
and for medicinal purposes, as well as for inks, pigments, and tattoos.1  The industrial 
production of activated carbon materials began in 1900 for use in the sugar refining 
process.1  Commercially produced activated carbon materials have surface areas ranging 
from 500-1500 m2/g.   
Porous carbon materials are of interest in many applications because of their high 
surface areas and other physicochemical properties.  Conventional syntheses can only 
produce materials with a randomly arranged pore structure and they allow essentially no 
control of the pore size distributions.  However, pore size and organization  both have a 
great effect on the performance of the material in most applications; therefore, a great 
effort has been directed towards developing new synthetic methods to allow for control 
of porosity in carbon materials.  New methods have been developed for producing 
activated carbon with surface areas as high as 3000 m2/g, controlled pore size, and 
ordered pore structure.  This chapter will discuss the applications and synthetic 
techniques for porous carbon materials.   
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2.1.2 Porosity 
IUPAC classifies pores based on their diameters:2  micropores have diameters less 
than 2 nm, mesopores have diameters between 2 nm and 50 nm, and macropores  
have diameters greater than 50 nm.    The terms nanoporous and ultrasmicroporous  
are frequently used in the literature, but these terms are not IUPAC pore classifications 
and are not generally well-defined.   
In activated carbon materials, macropores do not contribute significantly to the 
total surface area of the material.  Instead, the surface area mostly comes from 
micropores in the material.  Macropores serve as “transportation channels” and 
adsorption occurs in the micropores.  Mesopores are important for adsorption of larger 
molecules such as polymers or dyes.  Surface area and pore size distribution are strongly 
dependent on the starting materials and synthesis/activation processes, so porosity 
analysis is an essential technique for the characterization and evaluation of new carbon 
materials. 
 
2.2 Applications of Porous Carbon Materials 
 
2.2.1 Carbon as an Adsorbent 
Carbon materials are well-known for their applications as adsorbents in water and 
air purification, and they have large adsorption capacities because of their high specific 
surface areas and unique pore structures.  The vast number of examples of carbon 
adsorbents is beyond the scope of this dissertation; however some of the most common 
uses are mentioned in this section with references to recent reviews and books.   
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Carbons are used for water purification at wastewater treatment plants and in 
industrial processes.3-6  Specifically, pesticides,7 dyes,8 and organic chemicals4,9-11 such 
as methyl tertiary-butyl ether (MTBE) and trichloroethylene (TCE) are of great concern 
because they can leach into the water supply from industrial wastewater and underground 
storage and must be removed.  Heavy metals (e.g., cadmium, chromium, mercury, 
arsenic, lead) and other inorganic solutes12,13 are also removed from water supplies by 
adsorption on porous carbon.  It has been shown that the oxygen functionalities on the 
carbon surface play an important role in the adsorption of metal ions.  Drinking water is 
also treated by household filtration systems (e.g., Brita® and Pur® systems) to remove 
unpleasant tastes and odors even though they do not cause any health effects.     
Carbons are used for the purification of indoor air and industrial exhaust 
airstreams.14,15  Carbons are used to remove CO2 from flue gas streams and to separate 
and recover H2 from the steam methane reforming and water gas shift reactions in coal 
gasification processes.  Industrial waste streams are often saturated with water vapor, and 
hydrophobic carbons can effectively remove trace organic solvents from these high 
humidity streams.  Molecular sieving carbons (MSCs)16 are activated carbon materials 
with pores several angstroms in diameter so they are used for gas separation applications.  
For example, MSCs are used to produce N2 from air because the size of the pores in the 
carbons preferentially adsorbs O2.  MSC membranes have been prepared from the 
carbonization of polyacrylonitrile, polyimide, and phenolic resins.17,18 
Porous carbons, especially carbon aerogels,19-22 are being studied as hydrogen 
storage materials.23-28  Hydrogen storage capacity is strongly dependent on the specific 
surface area of the material.  Carbons that have the majority of their surface area 
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originating from “ultramicropores” less than 0.7 nm in diameter have shown better 
hydrogen storage capacities.23  To date, carbon materials still fall short of the US DOE 
benchmark of 6.5 wt% storage capacity at ambient temperature and pressure. 
 
2.2.2 Catalysis 
Carbon is an ideal support for some catalytic systems because it is resistant to 
acidic or basic media, it is stable at high temperatures in anoxic atmospheres, the pore 
structure can be tailored to the application, expensive metal catalysts can be recovered 
from spent catalysts by combustion of the carbon support, and carbon is relatively cheap 
compared to other supports such as alumina, silica, or zeolites.  Supported catalysts allow 
for the active phase to be highly dispersed which produces a larger active surface area, 
and the pores of the support allow for the gases to flow through to the active phase.  The 
support can also improve dissipation of reaction heat, retard the sintering of the active 
phase, and increase resistance to catalyst poison.  The use of porous carbon as a catalyst 
support for iron catalysts is discussed further in Chapter 4.   
 
2.2.3 Electrochemical Applications 
Porous carbon materials have been used for lithium-ion battery anode materials 
because of their ability to intercalate lithium ions.  The porous structure allows for 
enhanced lithium-ion transfer, although the carbon materials do exhibit large capacity 
losses in the first cycle because the high surface area of the materials means that there is 
more surface area at which electrolyte decomposition can occur.  Porous carbons are 
useful for situations where quick charge and discharge are desired.29  The capacity of the 
56 
 
electrode can be enhanced by using porous carbon in a composite material, such as tin-
oxide-carbon.30  The volume changes associated with cycling of anode materials can be 
overcome by using hollow carbon spheres31 which allow room for the expansion and 
contraction that occurs during cycling.   
Porous carbons are ideal materials for electrochemical capacitors and super-
capacitors.  Charge is stored within the double layers at the interfaces between the carbon 
electrode and the electrolyte, so porous carbons make excellent capacitors because they 
have very high specific surface areas and the double layer is very thin (nm scale) 
compared to conventional capacitors.29,32  Mesoporous carbons show better capacities 
than microporous carbons because micropores are not easily accessible to electrolyte 
ions.   
Porous carbons are used in the electrodes of direct methanol fuel cells (DMFCs).  
The cathode for oxygen reduction typically consists of Pt nanoclusters on a carbon 
support,33,34 and the anode for methanol oxidation typically consists of Pt-Ru 
nanoclusters on a carbon support.35-39  The high surface area and accessible porosity of 
the carbon materials allow for greater access to the metal catalytic reaction sites   
 
2.3 Synthesis of Porous Carbon Materials 
This section will briefly review the various methods for preparing porous carbon 
materials.  Many reviews about porous carbons have been published in recent years and 
they can be consulted for a more detailed discussion of the techniques presented 
here.18,29,40-45   
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2.3.1 Carbonization and Chemical/Physical Activation  
Carbon materials can be easily prepared by the carbonization of naturally 
occurring raw materials.1,46  The carbonization process removes most of the noncarbon 
elements (hydrogen, oxygen) from the raw material as volatile gaseous products, and the 
residual carbon atoms assemble themselves in a random network of aromatic rings with 
free spaces (pores) between them which can become blocked by tar and decomposition 
products.  The pore structure of activated carbons can be enhanced by chemical or 
physical activation.  Chemical activation methods use a caustic chemical (e.g., KOH, 
Na2CO3, ZnCl2, H3PO4) to prevent tar formation and subsequent pore blockage during 
carbonization.  Physical activation methods use a weakly oxidizing gas (e.g., CO2 or 
steam) at high temperatures (700-1100 °C) to remove reactive carbon after carbonization.  
In the first stage of activation, the tar material blocking the pores is removed, and in the 
second stage of activation, the carbon atoms in the aromatic rings start burning and create 
active carbon sites and wider pores.1  Physical activation is favored over chemical 
activation because it is more environmentally friendly. 
Coal is one of the most widely used porous carbon precursors because it is cheap 
and readily available.  Wood and other natural resources such as nut shells and fruit 
stones47-53 (referred to as biomass) are used more frequently now as carbon precursors 
because they are readily available waste materials and provide a sustainable source of 
carbon precursors that can replace fossil fuel derived precursors.44,54  These biomass 
sources and other carbohydrates are used in a hydrothermal carbonization (HTC) 
process55-61 which does not release CO2 as a byproduct; however, these HTC materials do 
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not yield high specific surface areas so additional activation or templating methods are 
required.44,54 
Carbons are also prepared by the carbonization of carbon precursors in the 
presence of metals or organometallic catalysts62-64 and the carbonization of polymer 
blends.65-67  MSCs are typically prepared by the carbonization of coal and pitch or by the 
carbonization of phenol resins.68,69  The microporous structure of the MSCs is controlled 
by adjusting the ratios of the components.   
 
2.3.2 Carbon Aerogels 
Carbon aerogels are obtained from the carbonization of organic aerogels which 
have been prepared by the sol-gel polymerization of organic monomers.  They are a 
network structure of nanosized carbon particles, and they contain micropores which 
originate from the intra-particle structure, and meso- and macropores which originate 
from the inter-particle structure.  Carbon aerogels have received much attention because 
of their high porosity and surface areas, chemical stability, and conductivity.  Carbon 
aerogels were first prepared by Pekala and coworkers based on the aqueous 
polycondensation of resorcinol with formaldehyde (RF) or melamine with formaldehyde 
(MF) in the presence of a basic catalyst,70,71 although a variety of new monomer systems 
have been developed in recent years.72-75  The preparation of carbon aerogels occurs in 
three stages: (1) preparation of the sol-gel, gelation, and curing of the gel; (2) solvent 
exchange and drying of the wet gel; and (3) carbonization of the dried gel.76,77  The ratio 
of organic monomer to catalyst affects the microstructure of the sol-gel, which 
determines the final structure of the meso- and macropores in the carbon aerogel.  The gel 
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is typically dried with supercritical CO2 in order to preserve the structure of the aerogel.  
If the gel is heated to evaporate the solvent, the structure will collapse into a dense 
polymer called a xerogel.  The carbonization step is done by heating the dried gel in a N2 
environment.  The temperature of the carbonization step affects the porosity of the final 
material.  An additional activation step is sometimes added to increase the development 
of the porosity of the aerogel.78  Activation has been shown to increase the pore volume 
and surface area without changing the basic structure of the carbons,79 as well as increase 
the adsorption ability towards organic vapors while maintaining good desorption and 
regeneration properties.80 
The preparation of a carbon aerogel is a lengthy process which can take more than 
a week.  Typically, the monomers and catalyst are first stirred for 5-30 minutes,81,82 
followed by a ~2 day gelation period: the sample is kept at room temperature for 24 hours 
and then the temperature is ramped for another 24 hours to reach a final temperature of 
~90 °C.  Next, the material is cured at 80-90 °C for ~1 week.83-85  The aqueous solvent 
must be removed after the gel has crosslinked because of the insolubility between water 
and the CO2 used in the drying process.  This solvent exchange step is done by a 
repetitive washing procedure, sometimes with the use of heat to accelerate the process.70  
In the supercritical drying process, the drying chamber is filled with liquid CO2 and then 
shifted to its supercritical state condition and held there for four or more hours.86,87  The 
solvent exchange and drying process can take 3-4 days.88  Finally, the material is 
pyrolyzed which takes several hours to complete.  An additional activation step can add 
~8 hours to the synthesis.78,82 
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The most commonly used catalysts for RF gels are alkaline carbonates such as 
sodium carbonate or potassium carbonate.  Higher concentrations of alkaline catalyst will 
yield smaller particles interconnected with wider necks (“polymeric” gels), and lower 
concentrations will yield larger particles interconnected with narrower necks (“colloidal” 
gels).76,77  Acid catalysts can also be used in the sol-gel process which will yield a 
different carbon structure and potentially speed up the gelation time.  Acetic acid,89-92 
perchloric acid in acetone,93 oxalic acid,94 p-toluenesulfonic acid,94 nitric acid,86,95 and 
hydrochloric acid96 have been explored as acid catalysts.  Higher concentrations of acid 
catalyst will yield small fractal aggregates of particles with wide pore size distributions, 
and lower concentrations of acid catalyst will yield no fractal aggregates and very narrow 
pore size distributions (Figure 2.1).77 
 
 
Figure 2.1 SEM images of resorcinol-formaldehyde carbon aerogels synthesized with  
(a) low and (b) high resorcinol to alkaline catalyst ratios and (c) low resorcinol to acidic 
catalyst ratio.77 
 
Carbon aerogels are most commonly formed as a monolith,76,77 which is achieved 
by pouring the sol-gel into a mold before the curing step.  However, there has been 
interest in the preparation of microsphere carbon aerogels to expand the possible 
applications of the materials.  Microspheres have been produced by inverse emulsion 
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polymerization of the monomers,97-101 and hollow microspheres have been created by 
templating with hollow polystyrene beads.102 
Starbon® is a highly mesoporous carbon material that is produced from a starch-
based gel (typically from high amylose corn starch).54  The starch is gelatinized by 
heating in water and cooled to yield a porous gel.  A solvent exchange to ethanol is 
carried out and then the gel is dried in an oven to yield a mesoporous starch material with 
a surface area of 180-200 m2/g.  This starch is then doped with a catalytic amount of an 
organic acid and heated under vacuum to produce the final Starbon® material with 
surface areas as high as 600 m2/g (Figure 2.2).   
 
 
Figure 2.2 SEM images of (A) mesoporous starch precursor and (B) final Starbon® 
material.54  
 
Metal-doped carbon aerogels have also substantial attention in recent years 
because of their structure, conductivity, and catalytic activity.  Metals can be 
incorporated into the aerogel by one of three main techniques: (1) dissolving the metal 
species in the initial monomer mixture; (2) using a resorcinol derivative which contains 
an ion exchange moiety that can be polymerized by sol-gel techniques; and (3) depositing 
the metal precursor on the dried organic aerogel or pyrolyzed aerogel.  Many different 
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metals have been incorporated into carbon aerogels, including Ce,103,104 Zr,103-105 Cr,106,107 
Mo,107,108 W,107,109,110 Fe,106,111-119 Ru,39,120-123 Co,22,106,107,119,124-127,113,116,118,128 
Ni,106,107,111-113,116,118,119,124,125,129 Pd,116,130 Pt,131-141 Cu,112,116,119,125,129,142,143 Ag,130,144 
Ti,126,144 and Mn.126,144   
 
2.3.3 Template syntheses – hard templates 
One of the most popular methods for preparing porous carbon materials is 
templating because it allows for the creation of a uniform and sometimes ordered pore 
structure, and the efficacy of porous carbon materials in their various applications is 
dependent on the pore structure.  There have been several reviews published that 
thoroughly cover the templating technique,18,40-45 so this section will provide only a brief 
overview of the different templating methods.  The general approach of hard templating 
methods is that a material with a controlled pore structure or rigid shape, usually a silica 
or polymer based material, is impregnated with or incorporated into the carbon precursor, 
the precursor is carbonized, and the template is removed.   
Ordered microporous carbon materials have been prepared by using zeolites as 
templates.  The Kyotani, Rodriguez-Miraso, and Mallouk groups prepared ordered 
microporous carbon materials by using USY zeolite and zeolites Y, β, and L as templates.  
Carbon sources were poly(acrylonitrile) or poly(furfuryl alcohol) incorporated into the 
pores,145 CVD of propylene gas,145,146 or vapor infiltration of a phenol-formaldehyde 
polymer.147   Early work used a single carbonization step to prepare the carbon materials 
which resulted in high suface areas ~2000 m2/g, but the removal of the zeolite template 
with HF etching caused the thin pore walls to collapse, resulting in the development of 
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mesopores in the material.  Kyotani was able to overcome this obstacle by developing a 
two-step carbonization process using zeolite Y as a template.148  In the first step, furfuryl 
alcohol was incorporated into the pores of the zeolite and carbonized.  In the second step, 
CVD of propylene gas deposited another layer of carbon top.  Then the template was 
removed by etching with HF, and a stable, microporous carbon structure could be 
obtained with surface areas as high as 3600 m2/g (Figure 2.3).149  This two-step process 
was also used with other zeolites as templates.150,151 
 
 
Figure 2.3 HRTEM image of ordered microporous carbon prepared by templating with 
Zeolite Y (inset: diffraction pattern).149 
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The first mesoporous carbon prepared by a templating method was reported by 
Knox and coworkers.152,153  They polymerized a phenol-hexamine mixture within the 
pores of a silica gel, carbonized the polymer, and then etched out the silica gel template.  
Knox successfully used the mesoporous carbons in HPLC columns.  The Ryoo and 
Hyeon groups were pioneers in using ordered aluminosilicates as templates for 
mesoporous carbon materials.  In some of Ryoo’s earlier work, he impregnated an  
MCM-48 aluminosilicate with sucrose, carbonized it using a sulfuric acid catalyst, and 
subsequently removed the template using a sodium hydroxide solution.154    The resulting 
ordered mesoporous carbon material, CMK-1, consists of a three-dimensional regular 
array of uniform mesopores 3 nm in diameter with a BET surface area of 1380 m2/g.  
They also used MCM-48 as a template in the CVD of acetylene at 1073 K, resulting in 
the preparation of CMK-4.155   The structural integrity and thermal stability of the 
carbons were improved by chemically modifying the walls of the MCM-48 template with 
aluminum or trimethylsilyl chloride before impregnation with the carbon precursor.  
Another commonly used template is SBA-15 silica.  Ryoo and coworkers impregnated 
SBA-15 with sucrose and carbonized it with a sulfuric acid catalyst to create CMK-3.156  
They also incorporated aluminum onto the surface of SBA-15 as an acid catalyst for the 
polymerization of furfuryl alcohol onto the template walls, creating CMK-5  
(Figure 2.4).33,157  Both CMK-3 and CMK-5 have high surface areas ~2000 m2/g because 
the walls of the carbon are microporous.  Many other research groups have used SBA-15 
as a template for porous carbon.158-163  Similarly, Kyotani and other researchers have  
used anodic aluminum oxide (AAO) as a template to produce carbons. 164-167 
65 
 
 
Figure 2.4 TEM image of CMK-5 viewed along the direction of the ordered nano-pipe-
type carbon (inset: diffraction pattern).33 
 
The Hyeon group introduced the use of colloidal silica as a template for porous 
carbon materials prepared from RF resins.  When they used colloidal silica alone, the 
pore size distribution was relatively broad due to the aggregation of the colloidal silica 
particles.168  When they added a surfactant, cetyltrimethylammonium bromide (CTAB), 
to the precursor, the colloidal particles were stabilized and they were able to achieve a 
narrow pore size distribution corresponding to the size of the initial colloidal particles.169  
Figure 2.5 shows SEM images of porous carbons prepared using colloidal silica particles 
as templates.  Chai and coworkers followed a similar procedure using phenol and 
formaldehyde as carbon sources and incorporated Pt-Ru catalysts into their materials.170  
Jang and coworkers synthesized porous carbon by incorporating colloidal silica particles 
into polymers such as divinylbenzene, poly(methyl methacrylate), or 
poly(acrylonitrile).171,172  Jaroniec and coworkers used mesophase pitch as the carbon 
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source with colloidal silica templates.173,174  Interestingly, because of their choice of 
carbon precursor, their resulting mesoporous carbon materials did not contain any 
micropores, unlike many of the other mesoporous carbon  materials created by templating 
techniques. 
 
 
Figure 2.5 SEM of mesoporous carbon materials with pore sizes of (a) 25 nm and  
(b) 68 nm synthesized using colloidal silica particles as templates.170 
 
The sol-gel process was used to create silica templates in situ by incorporating 
tetraethylorthosilicate (TEOS) into the carbon precursor mixture.  The Kyotani group 
used furfuryl alcohol and TEOS as the carbon source and template, respectively.175  The 
Lu group used sucrose and TEOS with or without silica particles, which allowed for a 
network of channels (formed from the TEOS-based template) and/or spherical pores 
(formed from the silica particles).176  The Lu group also used this approach to create a 
membrane by spin-coating the sol-gel.177  The Han group used sodium silicate as a 
template with sucrose as the carbon source.178   
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Another type of hard template used in the preparation of porous carbon is polymer 
beads, such as polystyrene spheres.125  Carbon material was prepared from a phenolic-
type resin, and the template was subsequently removed by dissolution with toluene and 
heat treatment. 
 
2.3.4 Carbonization of polymers – soft templates 
Soft templating techniques make use of amphiphilic molecules such as surfactants 
and block copolymers to create porous carbon materials.  The precursor solution consists 
of a pore-forming component and a carbon source which can self-assemble into 
nanostructures.  During the synthetic procedure, the carbon source decomposes, and then 
the pore-forming component is either decomposed or dissolved out to leave the porous 
carbon structure.   
Dai and coworkers prepared mesoporous carbon thin films from RF resins with a 
polystyrene-block-poly(4-vinylpyridine) (PS-P4VP) template (Figure 2.6).179  Kosonen 
and coworkers used a similar procedure with self-assembly of phenolic resins and  
PS-P4VP  with subsequent pyrolysis.180  This work with PS-P4VP set the stage for a 
variety of other mesoporous carbon syntheses using block copolymers, many of which 
are based on the poly(ethyleneoxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) 
(PEO-PPO-PEO) triblock copolymer181-185  which is more readily available than  
PS-P4VP.   These processes produced ordered mesoporous carbons with surface areas  
as high as 1490 m2/g and thermal stability up to 1400 °C. 
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Figure 2.6 Electron microscopy images of mesoporous carbon thin films prepared from 
resorcinol-formaldehyde resins PS-P4VP template. (a) Scale bar is 1 μm.  (b) Scale bar is 
300 nm.  (c) Scale bar is 100 nm.  (d) Cross section of carbon film, showing parallel 
straight channels perpendicular to the film surface.  Scale bar is 100 nm.179 
 
Moriguchi and coworkers used CTAB as a micelle template and a phenolic resin 
as the carbon source.  The porosity of the carbon could be controlled by adjusting the 
ratio of surfactant to carbon or by changing the length of the alkyl chain on the 
surfactant.186  The micelle-templating technique has been combined with the silica-
templating technique as a method to produce hierarchically-structured mesoporous 
carbons.  The Lu group used octyltrimethylammonium bromide (OTAB) and  
1,4-bis(triethoxysilyl)benzene with a silica template,187 and the Hyeon group used  
P123 triblock copolymer and a phenol reson with a sol-gel template.188 
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2.3.5 Aerosol syntheses 
Aerosol methods have also been applied to the synthesis of carbon materials.  As 
discussed in Chapter 1, aerosol methods provide a facile route for the continuous-flow 
preparation of a variety of materials, and there are many carbon precursors and templates 
available that are quite compatible with aerosol techniques.   
Yan and coworkers prepared ordered mesoporous carbons by using amphiphilic 
triblock copolymers (e.g., P123) as templates and soluble phenol resols with low 
molecular weights as carbon precursors.189  The structure was formed by evaporation-
induced self-assembly (EISA) of the template and precursor within the aerosol droplet at 
250 °C before the templates were fully removed by calcination in N2 at 350 °C.   
Figure 2.7 shows the resulting ordered mesoporous carbon spheres with narrow pore size 
distributions.  The particles had diameters ranging from 100 nm to 5 μm, with surface 
areas ranging from 360-530 m2/g.    The pore size can be controlled by adjusting the 
concentration of the triblock copolymer in the precursor solution.  The particle diameter 
and pore size can be easily controlled by this process, however, it is not a true “one-step” 
process as the authors describe because the additional carbonization step is required to 
remove the template, the triblock copolymer precursors are relatively expensive. 
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Figure 2.7  SEM and TEM images of ordered mesoporous carbon spheres prepared by 
evaporation-induced self-assembly by using P123 as the template.189 
 
Porous carbon materials have been synthesized using aerosol processes with silica 
sols (e.g., prepared from TEOS) or colloidal silica particles as hard templates within the 
aerosol droplet.24,190,191  Aqueous solutions of sucrose and silicate templates were 
aerosolized and passed through a 400 °C furnace to create spherical silica/sucrose 
nanocomposite particles.  The composite particles were then heated to 900 °C to 
carbonize the sucrose and finally treated with a NaOH solution to dissolve the silica 
template.  The resulting porous carbon materials have surface areas as high as 1478 m2/g 
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with a narrow pore size distibution corresponding to the size of colloidal silica or 
concentration of TEOS in the precursor solution (Figure 2.8).  Carbons with a bimodal 
pore size distribution could be obtained by using a combination of TEOS and colloidal 
silica as templates.   
 
 
Figure 2.8  SEM and TEM images of porous carbon particles in an aerosol process 
template by (a) silicate clusters, (b) colloidal silica particles, and (c) both silicate clusters 
and colloidal silica particles.190   
 
Skrabalak and Suslick192-195 developed a synthesis for porous carbon powders 
using ultrasonic spray pyrolysis (USP) in which a temporary salt template is formed from 
the decomposition of alkali halocarboxylates or substituted alkali benzoates.  These 
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organic salts have easily dissociated leaving groups (e.g., CO2, H2O, HCl) of an 
appropriate stoichiometry that provided an inorganic salt and remnant carbon upon 
thermal decomposition.  The inorganic salt is a temporary template that is generated in 
situ, which is then dissolved by the water in the collection bubblers.  This process 
eliminates the need for hard, sacrificial templates and the use of an additional step using 
caustic chemicals to remove the template.  The morphology of the resulting carbon 
materials depends on the precursor (Figure 2.9).  The carbon formed from sodium 
chloroacetate had a surface area of 70 m2/g, the carbon formed from lithium 
dichloroacetate had a surface area of 700 m2/g, and the other carbons had surface areas 
~200 m2/g.  An important factor in the morphology is the melting temperature of the salt 
template generated in situ relative to the temperature of the furnace.   
 
 
Figure 2.9 Porous carbons prepared from USP of (A) lithium chloroacetate, (B) sodium 
chloroacetate, (C) potassium chloroacetate, (D) lithium dichloroacetate, (E) sodium 
dichloroacetate, and (F) potassium dichloroacetate.192   
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2.4 Summary  
A variety of methods for developing porous carbon materials with unique 
morphologies have been developed in recent years.  These methods produce high surface 
areas and pore volumes with the possibility of ordered pore structure and control of the 
pore size.  Many of the carbon syntheses involve the use of sacrificial templates; 
disadvantages of templating methods include the cost of the carbon precursors and 
template materials, multiple steps for carbonization and template removal, and the use of 
caustic chemicals for template removal.   Research efforts are directed towards 
minimizing the cost and hazards associated with producing tailored carbon materials.   
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CHAPTER 3: NANOSTRUCTURED CARBONS PREPARED BY  
ULTRASONIC SPRAY PYROLYSIS 
 
 
3.1. Introduction 
Aerosol methods are well-suited for large-scale, continuous synthesis of materials 
and have been applied to the synthesis of activated carbon materials, as discussed in 
Chapters 1 and 2.  This work describes a new precursor system for the template-free USP 
synthesis of porous carbon materials using low-cost precursors that do not give off 
hazardous byproducts.  The carbon products have high surface areas that are comparable 
to the materials produced by expensive templating methods.  Carbohydrates are an ideal 
precursor for carbon materials because they are relatively inexpensive and readily 
available. This work focused on the use of sucrose (table sugar) as the carbon source with 
common inorganic salts as porogens.  The optimum precursor composition and reaction 
conditions for the USP synthesis of porous carbon have been determined. Additionally, 
this chapter will describe in detail the USP apparatus and the experimental process used 
by the Suslick group.  
 
3.2. Experimental Methods 
 
3.2.1. USP Apparatus 
All USP carbons were synthesized using a vertical USP setup, as shown in Figure 
3.1.  The apparatus will be described in detail from the bottom up.  All custom glassware 
was made by the University of Illinois School of Chemical Sciences Glass Shop. 
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Figure 3.1  Schematic of the vertical USP apparatus used by the Suslick group.1 
 
The aerosol is generated by a custom nebulizer built in-house by the University of 
Illinois School of Chemical Sciences Electronic Shop (Figure 3.2a).  The base of the 
nebulizer houses all of the electronics for a nebulizer board (APC International, Inc., #50-
1011) which contains a piezoceramic operating at 1.65 MHz (Figure 3.2b).   
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Figure 3.2 (A) Photograph of the home-built nebulizer.  (B) Front and back of the 
piezoceramic nebulizer board that is in the nebulizer.  Image adapted from 
http://www.americanpiezo.com/products_services/nebulizers.html. 
 
The nebulizer is equipped with an internal variac to control the amount of power 
to the piezoceramic; all USP experiments in this work were conducted using the 
maximum power of the nebulizer.  The top portion of the nebulizer is a water bath which 
is in contact with the piezoceramic; the water bath acts as the coupling medium to 
transfer the ultrasonic waves from the piezoceramic to the precursor solution in the 
nebulization cell.  A silicone o-ring on the nebulizer board allows the piezoelectric crystal 
to be exposed to the water bath and the electronics to remain waterproof.  The water level 
above the piezoceramic must be at least 3 cm; an on-board floating sensor is present on 
the nebulizer and will automatically turn the instrument off to prevent damage to the 
ceramic if the water level gets too low.  A coil of copper tubing connected to a cold water 
faucet can be placed in the water bath so that the temperature of the water bath can be 
kept cool to prevent water evaporation during long experiments.  Four black pegs are 
screwed into the bottom of the water bath to align the USP cell above the piezoceramic.   
Commercially available household ultrasonic humidifiers, such as the SunbeamTM 
Model 696 ultrasonic humidifier base, can also be used to generate the aerosol.  
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However, this model is now obsolete and newer models of household humidifiers are not 
shaped appropriately to accommodate the customized glassware for the Suslick USP 
apparatus.  This led to the design of the home-built nebulizer base which can 
accommodate a variety of styles of glassware and can easily be further customized if 
needed:  the alignment pegs can be removed or relocated if a differently sized USP cell  
is used, and the nebulizer board can be easily replaced by using a soldering iron and  
a screwdriver, which eliminates the need to replace the entire unit at the end of the 
piezoceramic’s lifetime.   
The custom nebulization cell consists of a 57 mm o-ring flat flange (Chemglass, 
#CG-138-02) connected to the bottom of a 1000 mL 3-neck round bottom flask which 
has 24/40 ground glass joints.  A custom clamp, made by the University of Illinois 
School of Chemical Sciences Machine Shop, is used to attach a 2 mil polyethylene 
membrane (cut from a plastic bag) to the flange of the cell (Figures 3.3).  The membrane 
separates the precursor solution in the nebulization cell from the coupling water in the 
nebulizer.   
 
a
 
Figure 3.3 (a) Photograph of the nebulization cell clamp parts used to hold the 
polyethylene membrane to the bottom of the nebulization cell. (b) Photograph of the 
assembled nebulization cell with clamp in the nebulizer. 
94 
A diagram of the clamp assembly is shown in Figure 3.4.  From the bottom up, 
the clamp consists of a brass ring and a Teflon ring (9 cm o.d., 6 cm i.d., 2 mm thick) 
each with six equally spaced holes (1/4 in. diameter).  Next is a thicker Teflon ring  
(5.6 cm o.d., 2.8 cm i.d., 7 mm thick) with an o-ring groove (4 mm wide, 1.5 mm deep) 
and corresponding silicone o-ring.  The polyethylene membrane is placed on top of the  
o-ring and the nebulization cell sits on top of the membrane so that the groove in the 
flange is lined up with the o-ring below the membrane.  Two half-moon Teflon and brass 
pieces with the same dimensions and holes as the bottom rings are placed on top of the 
flange of the cell.  Socket head cap screws (1/4 in. o.d., 2 in. length) are inserted into the 
holes and tightened using suitable nuts.  The assembled cell is placed in the water bath 
centered above the piezoceramic.  Air bubbles trapped between the polyethylene 
membrane and the coupling water should be removed with a syringe to ensure efficient 
nebulization. 
Brass ring
Teflon ring
Teflon base
Plastic membrane
Atomization cell
Teflon half-rings
Brass half-rings
O-ring
x6
Socket 
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screws
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Figure 3.4 Schematic of the assembly of the nebulization cell clamp used to hold the 
polyethylene membrane to the bottom of the nebulization cell. 
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A custom carrier gas inlet (Figure 3.5) is inserted into one of the side-necks of the 
nebulization cell to serve as the entry point for the carrier gas.  This carrier gas inlet is 
made from a 24/40 male ground glass hose connection joint with a Pyrex tube  
(7 mm o.d., 5 mm i.d., ~3 in. length) attached to the bottom portion; the tube extends  
into the center of the nebulization cell which helps the carrier gas efficiently move  
the precursor aerosol through the cell.  The carrier gas tank is attached to the  
hose connection and the flow rate of the gas is controlled by a rotometer. 
 
standard 24/40 male
ground glass joint
Stem:  3” long
OD: 7 mm
ID: 5 mm
standard
hose connection
 
Figure 3.5 Schematic of the carrier gas inlet. 
 
A septum is inserted into the other side-neck of the nebulization cell, which 
allows for the precursor solution to be injected into the cell via syringe.  A standard 
rotary evaporator trap with 24/40 ground glass joints is connected to the center neck of 
the nebulization cell.  The trap prevents larger droplets of precursor aerosol from being 
carried through to the furnace, which results in a more uniform size distribution of 
droplets entering the furnace. 
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A quartz tube (35 mm o.d., 32 mm i.d.) with a 24/40 male ground glass joint at 
the bottom and a 35/25 ground glass ball joint at the top (Figure 3.6) is inserted through 
the middle of a vertically-oriented cylindrical furnace (Omega CRFC-212/120-C-A, 
Figure 3.7) and connected to the bump trap via the 24/40 joint.  The length of the straight 
part of the quartz tube should be approximately 40 cm in order to keep the joints far 
enough away from the furnace.  The temperature of the furnace is controlled by a variac 
and can reach temperatures as high as 1100 °C.  Temperature is monitored by a K-type 
thermocouple inserted between the furnace and the quartz tube, with the tip of the 
thermocouple positioned in the hottest part of the furnace which is approximately one 
third of the way down the tube.    
 
male 
24/40 
joint
35/25
ball joint
quartz tube
35 mm o.d.
32 mm i.d.
40 cm  
Figure 3.6 Schematic of the quartz furnace tube. 
 
 
Figure 3.7 Schematic of the cylindrical furnace.1 
97 
A custom 90° Pyrex adapter with a 35/25 ground glass socket joint on one end 
and a 24/40 male ground glass joint on the other end is connected to the top of the quartz 
tube via the ball-and-socket joint.  A 24/40 ground glass female joint with a hose 
connection is connected to the other end of the adapter.  Pieces of Tygon tubing (5/16 in. 
i.d., 7/16 in. o.d.) approximately 1.5 inches long are used to connect five bubblers (e.g., 
Chemglass #CG-4515) in series to the end of the USP system for particle collection.  
Each bubbler contains approximately 50 mL of collection liquid.    
 
3.2.2. Precursor Solution Preparation 
Sucrose (EMD Chemicals, ACS grade), sodium carbonate (Sigma-Aldrich, 
≥99.5%), sodium bicarbonate (Sigma-Aldrich, 99.7-100.3%), sodium nitrate (Fisher, 
certified ACS), sodium hydroxide pellets (Sigma-Aldrich, 97+%), potassium carbonate 
(Fisher, certified ACS), potassium nitrate (EM Science, ACS grade), potassium 
hydroxide pellets (Sigma Aldrich, 85+%), and sulfuric acid (Mallinckrodt Chemicals, 
ACS grade) were used as purchased.   
Precursor solutions were prepared volumetrically by dissolving sucrose (0.5 M) 
and an inorganic salt (Table 3.1) in deionized water. The solutions were sparged with 
argon for at least 30 minutes and then added to the cell through the rubber septum via 
syringe. 
 
 
 
 
98 
Table 3.1 Concentrations of inorganic salts dissolved in precursor solutions. 
Inorganic 
Salt 
Concentrations in  
Precursor Solutions 
Na2CO3 0.1 M, 0.5 M, 1.0 M 
NaHCO3 0.1 M, 0.5 M, 1.0 M 
NaNO3 0.1 M, 0.5 M, 1.0 M 
NaOH 2.8 M 
K2CO3 0.5 M 
KNO3 1.0 M 
KOH 2.0 M 
 
3.2.3. Reaction Conditions 
The furnace was preheated to the desired reaction temperature (800 °C, unless 
otherwise noted).  Under these conditions, the droplet residence time is estimated to be  
<10 seconds.   
Argon was used as the carrier gas at a flow rate of 1 L/min.  The carrier gas was 
flowed through the system for at least one hour to purge the system prior to the addition 
of the precursor solution.  After the precursor was added to the cell, the nebulizer was 
turned on to start the reaction.  The nebulizer was turned off to end the reaction when the 
entire precursor solution was aerosolized or after the desired amount of product was 
obtained.  Any remaining aerosol in the system was allowed to dissipate before the 
furnace was turned off.  The system should be allowed to cool with the carrier gas still 
flowing to prevent the collection liquid from moving backwards in the system as it cools.    
 
3.2.4. Product Isolation and General Workup 
A series of five bubblers, each filled with approximately 50 mL of deionized 
water, was placed at the end of the USP apparatus to collect the product powder.  Using 
99 
five bubblers allows for enough product to be collected for all materials characterization; 
using more than five bubblers does not significantly contribute to the product yield.  At 
the end of the reaction, the water was collected from the bubblers.  The solids on the 
walls of the 90° adapter were collected by washing them out with water, and this liquid 
was added to the bubbler water.  Product was not collected from the top of the quartz tube 
because that material was in a heated region for a prolonged period of time.  An 
ultrasonic cleaning bath was used to remove product from the walls of the glassware if 
needed. The product was isolated from the collection water by centrifugation (Fisher 
Model 225 centrifuge, <5000 rpm) and washed and centrifuged 4-6 times with a 1:1 
water:ethanol mixture to remove residual salt (ethanol helps to disperse the carbon in the 
washing liquid).  If there is a large volume of collection liquid, rotary evaporation can be 
used to decrease the volume to a more manageable volume before centrifugation.  The 
product was dried overnight in a vacuum oven at 60 °C.  
 
3.2.5. Thermal decomposition of precursors 
Sucrose and sodium carbonate or bicarbonate solids were ground together using a 
mortar and pestle.  The mixture was loaded into a ceramic crucible and inserted into a 
quartz tube in a horizontal cylindrical furnace at room temperature.  The quartz tube was 
sealed with hose connections and then purged with argon for 1 hour.  The temperature 
was raised and held at 800 °C for 1 hour to thermally decompose the precursors under the 
argon flow.  The furnace was then cooled to room temperature under the argon flow 
before the product was removed.  The product was washed with a 1:1 water:ethanol 
mixture in a fritted glass funnel and then dried overnight in a vacuum oven at 60 °C. 
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3.2.6. Materials Characterization 
 
3.2.6.1. Scanning Electron Microscopy 
Scanning electron microscope (SEM) images were obtained on a JEOL 7000F 
instrument operating at 15 kV with a medium probe current and a working distance of 10 
mm.  SEM samples were prepared by dispersing the carbon powder in water or ethanol, 
placing a few drops of the dispersion on a piece of heated silicon wafer (~5 mm x 5 mm), 
and allowing the sample to completely dry.  Samples were coated with approximately  
10 nm of AuPd prior to analysis to prevent surface charging. 
 
3.2.6.2. Transmission Electron Microscopy 
Transmission electron microscope (TEM) images were obtained on a JEOL 2100 
cryo microscope operating at 200 kV and equipped with a Gatan MatScan1kx1k 
progressive scan CCD camera.  Image collection time was 1 second.  TEM samples were 
prepared by dispersing the carbon powder in ethanol, dipping a lacy formvar/carbon-
copper grid (Ted Pella, #01881-F) into the dispersion several times, and drying the grid in 
a vacuum oven at <60 °C for at least one hour before analysis. 
 
3.2.6.3. Focused Ion Beam 
Focused ion beam (FIB) images were obtained on a FEI Dual Beam 235 FIB.  
The operating conditions were 15 kV, 50 pA, and 30 µm aperture.  Samples were 
prepared the same way as SEM samples and sputtered with approximately 10 nm of 
AuPd.  For some samples, Pt was deposited in situ over the area of analysis to prevent the 
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surface of the particles from being damaged during analysis.  Cleaning cross sections 
were taken. 
 
3.2.6.4. Nitrogen Adsorption Isotherms and Surface Area Measurements 
N2 adsorption isotherms were measured at 77 K using a Quantachrome Nova 
2200e surface area analyzer and a Micromeretics ASAP 2010 surface area analyzer.  
Carbon samples were degassed under vacuum at 130 °C for at least 12 hours or at 300 °C 
for at least 3 hours before analysis.  BET surface area was calculated from adsorption 
data in relative pressures range of 0.05<P/Po<0.2.  Total pore volumes were estimated 
from the amount of N2 adsorbed at P/Po=0.987.  Micropore volumes and pore size 
distributions were calculated from the adsorption isotherms using the Horvath-Kawazoe 
(HK) method.   
 
3.2.6.5. Powder X-ray Diffraction 
Powder x-ray diffraction (XRD) was performed using a Rigaku D-max 
diffractometer operating at 45 kV and 20 mA using Cu Kα radiation (λ=1.5418 Å) with a 
scan rate of 0.24 °/min and a step size of 0.048°.  Samples were prepared by spreading a 
minimal amount of powder on double-sided tape which was mounted to a glass 
microscope slide cut to an appropriate length.  Two layers of single-sided tape were 
mounted to the bottom of the glass slide to minimize sample displacement error (the first 
layer of tape is to account for the thickness of the double-sided tape, and the second layer 
is to account for the thickness of the applied powder).  The diffraction peaks were 
indexed using the ICDD database and MDI Jade 8 software.   
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3.2.6.6. Heat Treatments 
Heat treatments were performed on the Suslick group catalysis rig which has been 
described in detail elsewhere.2  Carbon powder was placed in a quartz catalysis cell and 
purged with nitrogen at room temperature for at least 1 hour before heating to 900 °C 
under nitrogen for 12-16 hours.  After heating, the cell was allowed to cool to room 
temperature under a nitrogen flow and the carbon was removed from the cell for analysis.   
 
3.2.6.7. Thermal Gravimetric Analysis  
Thermal gravimetric analysis (TGA) was performed with a calibrated Cahn 
Thermax 500 at ambient pressure with a flow of N2 gas (300 sccm) and a scan rate of  
10 °C/min or 25 °C/min.   TGA samples were prepared by dissolving the appropriate 
precursors in deionized water, evaporating the solution to dryness by rotary evaporation, 
and then drying the powder overnight in a vacuum oven at <60 °C.  Approximately  
200 mg of this solid precursor was loaded into the quartz TGA bucket, and the system 
was purged for ~10 min with nitrogen before beginning the heating program.   
 
3.2.6.8. X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) was conducted with a Kratos Axis 
ULTRA spectrometer using a Mg Kα anode.  Samples were prepared for analysis by 
spreading a thin layer of powder on a layer of conductive carbon tape.  Final spectra were 
referenced to aliphatic carbon (285.0 eV) and analyzed with the CasaXPS software 
package.   
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3.2.6.9. Fourier Transform Infrared Spectroscopy 
FT-IR was conducted with a Mattson Infinity Gold instrument from 500- 
4000 cm-1 with a resolution of 1 cm-1.  Samples were prepared by grinding ~2 mg dried 
carbon with ~ 1 g dried KBr and then pressing it into a pellet. 
 
3.2.6.10. Elemental Analysis 
Bulk elemental analysis was performed by the University of Illinois School of 
Chemical Sciences Microanalysis Laboratory.  CHN analysis was performed using an 
Exeter Analytical, Inc. Model CE-440 CHN analyzer.  ICP-MS measurements were 
performed using a Perkin-Elmer-Sciex Elan DRCe.   
 
3.3. Results and Discussion 
 
3.3.1. Morphology and Pore Structure 
Carbons prepared from the pyrolysis of a sucrose solution containing sodium 
carbonate or bicarbonate showed a hierarchical pore structure.  The TEM images in 
Figure 3.8 show that the morphology of the carbon products varies depending on the 
choice of salt and its concentration in the precursor solution.  Figure 3.9 shows SEM and 
TEM images of the porous carbons before and after the washing procedure, 
demonstrating that the salt byproduct is washed off the surface and out of the interior 
pores.   
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Figure 3.8 TEM images of carbons prepared by ultrasonic spray pyrolysis of 0.5 M 
sucrose and (A) 1.0 M Na2CO3, (B) 0.5 M Na2CO3, (C) 0.1 M Na2CO3,  
(D) 1.0 M NaHCO3, (E) 0.5 M NaHCO3, and (F) 0.1 M NaHCO3. 
 
 
Figure 3.9 (a) SEM and (b) TEM images of carbon prepared from sucrose and 1.0 M 
Na2CO3 before washing; (c) SEM and (d) TEM images of the carbon after washing. 
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The surface area and pore structure of the carbons were studied by N2 adsorption.  
Table 3.2 summarizes the total surface area (SBET), micropore surface area (Smic), total 
pore volume (Vt), and micropore volume (Vmic) for each carbon. 
 
Table 3.2 Surface area and pore volumes of porous carbons prepared from USP of 
sucrose and sodium carbonate or bicarbonate. 
Porogen Code* SBET  (m2/g) 
Smic  
(m2/g) 
Vt  
(cm3/g) 
Vmic  
(cm3/g) 
Na2CO3      
1.0 M A 540 350 0.50 0.16 
0.5 M B 710 540 0.39 0.24 
0.1 M C 350 300 0.17 0.13 
      
NaHCO3      
1.0 M D 610 580 0.33 0.26 
0.5 M E 830 680 0.40 0.31 
0.1 M F 480 470 0.23 0.21 
*Code designation corresponds to the images in Figure 3.8.  SBET, total surface area; Smic, 
micropore surface area; Vt, total pore volume; Vmic, micropore volume. 
 
Carbons prepared from 1.0 or 0.5 M Na2CO3 or 1.0 M NaHCO3 (Carbons A, B, 
and D, respectively) have an outer shell and a macroporous interior.  Hierarchical pore 
structure is revealed by further investigation of the morphology: focused ion beam 
etching reveals the spongelike nature of the internal macropores (Figure 3.10) and high 
magnification TEM shows the microporous fine structure of the outer shell (Figure 3.11).   
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Figure 3.10 FIB images of carbons prepared by USP from sucrose and (a) 1.0 M 
Na2CO3, (b) 0.5 M NaHCO3, (c) 0.1 M NaHCO3, and (d) 0.5 M NaHCO3. 
 
 
  
Figure 3.11 High magnification TEM images of the shells of carbons prepared by USP 
from sucrose and (a) 1.0 M Na2CO3 and (b) 0.5 M NaHCO3. 
 
Carbons B and D have a thicker shell than Carbon A (100 nm, 100 nm, and  
30 nm, respectively) and a higher surface area, suggesting that the majority of the surface 
area comes from the microporosity of the shell.  The walls of the internal pores may also 
be microporous and contribute to the total surface area.  The type IV isotherms displayed 
by these carbons (Figure 3.12) show that gas is able to permeate the outer shell.  The 
carbons prepared from 0.1 M Na2CO3 or 0.1 M NaHCO3 (Carbons C and F, respectively) 
appear solid under TEM, but the substantial surface areas indicate that they are in fact 
microporous. 
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Figure 3.12 N2 isotherms for carbons prepared from sucrose and (A) Na2CO3 and  
(B) NaHCO3. 
 
The carbon products prepared from 0.5 M NaHCO3 (Carbon E) are hollow shells 
approximately 100 nm thick.  These carbons have the highest surface area, further 
supporting the idea that the majority of the surface area of these carbons comes from the 
microporosity of the outer shell. 
All of the carbons have a very narrow pore size distribution, with the majority of 
the pores being <10 Å in diameter (Figure 13).  It is unusual to obtain such narrow 
distributions in porous carbons, which are generally only observed in carbon materials 
created from templating methods.3 
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Figure 3.13 Pore size distributions of porous carbons prepared from USP of  
(a) 0.5 M sucrose and Na2CO3 and (b) 0.5 M sucrose and NaHCO3. 
 
The effect of temperature on the morphology was studied.  When the temperature 
was reduced to 500 °C, no solid materials were produced; the bubblers contained a brown 
liquid, indicating incomplete pyrolysis of the sugar due to the short residence time.  
When the temperature was increased to 1100 °C, a negligible amount of solid material 
was produced, likely due to enhanced gasification of the carbon (i.e., C + CO2  2CO) at 
high temperatures.   
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3.3.2. Precursor decomposition and pore formation 
Sodium carbonate or bicarbonate in the precursor solution plays two important 
roles in the production of these carbon materials.  First, the salt is a base catalyst for the 
decomposition of sucrose: spray pyrolysis of a sucrose-only solution does not produce 
carbon products because the residence time of the droplet in the reactor is too short for 
complete decomposition to occur, even at high temperatures and decreased flow rates.  
Second, the gaseous decomposition products from the salt create high porosity, i.e., they 
act as porogens in the carbon material. 
TGA cannot exactly replicate the reaction conditions of USP due to the rapid 
heating rates experienced by the droplet in USP that cannot be recreated in TGA due to 
the limitations of the instrument, but it can still be used to generally study the 
decomposition of the precursors.  The order of the decomposition of the 
sucrose/carbonate precursor as outlined in Scheme 3.1 correlates to the results of the 
TGA studies (Figure 3.14) and can explain the origins of the observed morphology.   
 
Scheme 3.1 Decomposition of sucrose/Na2CO3 formulations 
C12H22O11  7C + 2CO + 3CO2 + 8H2 + 3H2O 
Na2CO3  2CO2 + 2Na2O 
2Na2O + 2H2O  4NaOH 
 
After solvent evaporation is completed, sucrose is the first component to 
decompose (~200 °C) and evolves CO, CO2, H2, and H2O vapor in the approximate 
stoichiometry shown in Scheme 3.1,4,5 leaving a composite of carbon and Na2CO3, likely 
with some porosity developed at this stage from the sucrose-derived gases.  As heating 
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continues, the Na2CO3 will them decompose and evolve CO2 (which has been shown6,7 to 
occur around 400 °C in the presence of H2O even though the decomposition temperature 
of pure Na2CO3 is above 800 °C), and the release of the CO2 creates additional porosity 
in the resulting carbon material.  The Na2O byproduct is easily washed away (as aqueous 
NaOH) in the water bubblers, leaving the final carbon material.  If bicarbonate is used in 
place of the carbonate in the precursor, it will be the first component to decompose at ~60 
°C to form Na2CO3, CO2, and H2O, and the same scheme then follows.  It should also be 
noted that the NaOH salt dissolved in the bubbler water is continuously exposed to the 
CO2 gas byproduct flowing through the bubblers, so the NaOH reacts with CO2 to form 
Na2CO3, which could be recovered from the bubbler water and recycled for future 
reactions. 
The internal porosity is created both from the evolution of gases (notably CO2, but 
also those from the decomposition of sucrose) and from the eventual removal of the 
temporary salt template.  As the concentration of Na2CO3 in the precursor solution is 
decreased, the particle size decreases because less CO2 is being evolved and therefore 
less expansion of the carbon results.  When the Na2CO3 concentration is decreased to 0.1 
M (Carbons C and F), there are no internal macropores formed because the amount of 
Na2CO3 in the precursor is so small that the CO2 evolved is small in comparison to the 
amount of carbon produced.  The low carbonate carbons C and F still have significant 
surface area because of the microporosity created from the escape of gaseous products 
from the decomposition of sucrose.  This suggests that the shell porosity derives mostly 
from the decomposition of sucrose, whereas core porosity derives from the 
decomposition of the carbonate. 
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Figure 3.14 TGA plots for (A) Na2CO3 precursors (10 °C/min) and (B) NaHCO3 
precursors (25 °C/min). 
 
Other basic salts were used to catalyze the decomposition of sucrose:  NaNO3, 
K2CO3, KNO3, NaOH, and KOH.  The carbons prepared from the NaNO3 precursors 
followed a similar pattern of hierarchical porosity as the carbons prepared from the 
carbonate salts (Figure 3.15):  1.0 M NaNO3 yielded a raisin-like outer shell and a 
macroporous interior, 0.5 M NaNO3 yielded a similar morphology but with visibly 
smaller interior pores, and 0.1 M NaNO3 yielded a solid sphere.  The surface areas of the 
112 
1.0 M and 0.5 M NaNO3 carbons were 560 and 460 m2/g, respectively (the yield of the 
0.1 M NaNO3 carbon was so low that not enough material could be practically obtained 
for BET measurements).  The origins of the porosity are similar to the carbonates in that 
the NaNO3 decomposes to yield NOx byproducts and a NaOH salt template which is 
washed away during product collection and workup.  NaNO3-based USP carbons will be 
discussed in more detail in Chapter 4. 
 
 
Figure 3.15 TEM images of carbons produced by USP at 800 °C of 0.5 M sucrose with 
(a) 1.0 M NaNO3, (b) 0.5 M NaNO3, and (c) 0.1 M NaNO3. 
 
K2CO3 did not produce porous carbon, only solid carbon.  The decomposition 
temperature of K2CO3 is ~890 °C, so the salt did not decompose under the reaction 
conditions, evolve the gases, or create the in situ salt template needed for porosity 
development (and pyrolysis at higher temperatures results in carbon gasification and 
extremely low yields).  KNO3 has a lower decomposition temperature (400 °C), but 
surprisingly it only yielded solid carbon.    NaOH and KOH salts were used to catalyze 
the decomposition of sucrose, but they do not evolve gases during decomposition so only 
solid carbons were produced.  The surface areas of these solid carbons produced using 
other basic salts were still relatively high, indicating that micropores were developed in 
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the carbon material but this is likely from the decomposition of sucrose and not 
influenced by the presence of the salt.  The production of solid carbon materials from 
these salts confirms that the interior porosity is a result of the gas evolution from salt 
decomposition and not from the presence of a salt template.  Even when high 
concentrations (2.8 M NaOH, Figure 3.16) of salt are used, the surface area is similar to 
that of the carbons prepared using lower concentrations of the carbonate or bicarbonate 
salt, indicating that the presence of an increased concentration of the hydroxide salt does 
not enhance the micropore formation. 
 
 
Figure 3.16 TEM image of the carbon prepared from USP of 0.5 M sucrose and 2.8 M 
NaOH at 800 °C. 
 
 
3.3.3. Other characterization 
Elemental analysis of the carbons showed that they are typically ~80 wt% carbon, 
~1 wt% hydrogen, <1 wt% sodium (left behind after washing), and <20 wt% oxygen (by 
difference).   
FTIR spectra of the carbons are typical of ACMs,8,9 and show the expected 
oxygenate functionalities (Figure 17).  The absorption at 3470 cm-1 corresponds to the 
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(O-H) stretch from hydroxyl groups.  There are two types of (C-H) stretching seen in 
the spectra:  the absorption at 3255 cm-1 is from aromatic C-H and the weak absorption at 
2955 cm-1 is from aliphatic C-H.  There is an absorption at 1752 cm-1 from the (C=O) of 
aldehydes and anhydrides, an absorption at 1637 cm-1 from (C=C), and an absorption at 
1385 cm-1 from anti-symmetric carboxylic acid vibrations. There are also weak 
absorptions at 1268 cm-1 and 1116 cm-1, corresponding to (C-O) from esters and 
epoxides and (C-OH) from alcohol functionalities, respectively.  The carbons were 
analyzed with XPS; the C 1s and O 1s peaks indicate the presence of COOH 
functionalities, however, the finer carbon-oxygen functionalities could not be elucidated.   
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Figure 3.17 FTIR spectrum of carbon prepared by USP of 0.5 M sucrose and  
1.0 M Na2CO3. 
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Powder XRD shows these carbon materials to be amorphous both before and after 
annealing at 900 °C (Figure 3.18).  The internal pore structure is maintained after the heat 
treatment (Figure 3.19).   
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Figure 3.18 XRD of carbon prepared by USP from sucrose and 1.0 M Na2CO3 before 
and after heat treatment. 
 
 
 
Figure 3.19 TEM of carbon prepared by USP from sucrose and 1.0 M Na2CO3 after heat 
treatment for 12 hours at 900 °C under argon, showing that internal porosity is 
maintained. 
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3.3.4. Thermal decomposition of precursors 
As a control, bulk thermal decomposition of the precursors was examined and 
compared to the USP material.  Porous carbon monoliths are formed with variable 
surface areas and no microspheres (Figure 3.20).  The monolith is fragile and powders 
formed from it are non-uniform in size and not free-flowing.  The USP method is 
necessary for formation of the hollow shell morphology.  Additionally, USP has the 
advantage of preparing a non-agglomerated powder as opposed to the monolith formed 
by thermal decomposition.   
 
 
Figure 3.20 SEM images of the products from the thermal decomposition of sucrose with 
(a) Na2CO3 and (b) NaHCO3. 
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3.4. Conclusions 
Nanostructured carbon materials can be produced from simple precursors such as 
sucrose and sodium carbonate or bicarbonate using a facile, one-step USP process 
without the need for sacrificial templates.  The high surface areas and unique hierarchical 
pore structures of these materials suggest that they may find use as adsorbents and 
catalyst supports.  The hollow interior provides a low-density, free-flowing microsphere 
morphology that may prove especially useful for any applications requiring a fluidized 
bed reactor or packed chromatographic column. 
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CHAPTER 4: IRON-IMPREGNATED POROUS CARBON SPHERES 
PREPARED BY ULTRASONIC SPRAY PYROLYSIS 
 
 
4.1. Introduction 
Nanosized particles exhibit different, often enhanced, magnetic, electronic, 
optical, and chemical properties compared to corresponding bulk materials, which makes 
them desirable for applications including catalysis, adsorption, electronic sensing, 
medical applications, and drug delivery.1-7  For many applications, transition metals 
provide a distinct advantage over precious metals because of their decreased costs.  
Interest in iron nanoparticles originates from iron’s magnetic properties, its ready 
availability and low cost, and its high reactivity, particularly in reducing atmospheres.1,6  
Specific applications for iron nanoparticles include Fischer-Tropsch catalysis, oxygen 
reduction catalysis for fuel cells, environmental adsorbents for CO or arsenic, and CO 
oxidation catalysis and destruction of polychlorinated dibenzodioxins or dibenzofurans 
(PCDDs/PCDFs).2,6,8-12 
Dispersing iron nanoparticles onto a carbon support can enhance the available 
surface area of iron, resulting from an increase in the metal surface to volume ratio.  
Porous carbon can be an especially effective support because it provides high surface 
area, it is resistant to both acidic and basic conditions, its surface can be functionalized to 
provide controlled metal loading sites, its pore structure can be tailored for enhanced 
adsorption, it is stable at high temperatures in anoxic conditions, and it can be combusted 
to recover spent catalysts.13,14  Disadvantages of carbon supports include combustion in 
the presence of oxygen and a potential loss of selectivity from metal impurities in ash.13,15  
Metal-impregnated carbon materials are typically prepared in a multistep process:  
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(1) carbonization of an organic precursor, (2) physical or chemical activation of the 
carbon product, (3) catalyst impregnation (using excess solution, incipient wetness, ion 
exchange, or chemical vapor deposition techniques), and (4) reduction or pyrolysis to 
form metal nanoparticles.16  The process is usually non-continuous and can require 
substantial time and energy.  Each step requires heat, and the carbon activation step 
requires supplemental reagents to develop porosity.  It is advantageous to simplify this 
process to allow continuous production of metal-impregnated, porous carbon materials. 
Aerosol techniques can provide simple, scalable, and continuous methods for 
porous carbon production.17-25  Bang and coworkers impregnated USP carbon with PtRu 
catalysts by incipient wetness to improve the activity of a direct methanol fuel cell 
anode.26  In contrast, Liu and coworkers used USP to impregnate a commercial activated 
carbon with a catalyst precursor while activating the catalyst.27  Others have reported 
using USP as an impregnation technique for fuel cell catalysts.28 
Progressing towards the goal of a one-step, metal-impregnated porous carbon 
preparation, Yu and coworkers recently prepared FexOy@C spheres using a low 
temperature process where sucrose is catalytically dehydrated while iron oxide 
nanoparticles are dispersed within the carbon spheres.29 This process, however, did not 
provide high internal porosity in the carbon spheres and resulted in a low surface area  
(42 m2/g) material.  Post-production hydrogen treatment was used to partially gasify the 
carbon to add surface area (189 m2/g) and reduce the iron oxides.  Their process, 
unfortunately, does not allow for simultaneous porosity development during the sucrose 
carbonization and catalyst impregnation steps.  There are also several continuous 
techniques (many that utilize spray pyrolysis) for preparing carbon-encapsulated 
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magnetic nanoparticles (CEMNs), but low surface areas and low iron loadings are 
reported for materials prepared by these methods.30-34 
This chapter will discuss a novel USP synthesis that allows for continuous 
production of high surface area, porous carbon spheres impregnated with well-dispersed 
iron nanoparticles (abbreviated as Fe-C).  This technique provides an alternative method 
for producing iron-impregnated carbon materials in a simple and continuous process.  
The preparation method and characterization of physical and chemical properties of the 
Fe-C materials will be discussed. 
This work was the result of collaboration between the Suslick group and Dr. 
Massoud Rostam-Abadi of the Institute of Natural Resource Sustainability at the 
University of Illinois at Urbana-Champaign.  The nitrate-based carbon materials 
discussed in this chapter were prepared by the author of this dissertation; the chloride-
based carbon materials were prepared by John Atkinson, a Ph.D. student in the 
Environmental Engineering program at the University of Illinois at Urbana-Champaign 
working under the direction of Prof. Mark Rood, Dr. Massoud Rostam-Abadi, and Dr. 
Seyed Dastgheib.  The characterization of the Fe-C materials (SEM, TEM, BET) was 
carried out by both the author and John Atkinson.   
 
4.2. Experimental Methods 
 
4.2.1. Precursor Solutions 
Sucrose (Sigma-Aldrich, 99.5%; EMD Chemicals, ACS grade), sodium chloride 
(Sigma-Aldrich, 99%), anhydrous iron(III) chloride (Fisher, 97%), sodium nitrate (Fisher, 
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Certified ACS), and iron(III) nitrate nonahydrate (Sigma-Aldrich, 98+%), cobalt(II) 
nitrate hexahydrate (≥ 99%), nickel(II) nitrate hexahydrate(≥ 99%), copper(II) acetate(≥ 
99%), and zinc(II) acetate (≥ 99%) were used as purchased.   
The precursor solutions were prepared by dissolving sucrose, the inorganic salt 
(NaCl or NaNO3), and the iron salt (FeCl3 or Fe(NO3)3) in deionized water.  Unless 
otherwise noted, the chloride-based precursor solution contained 0.6 M sucrose and  
2.4 M NaCl, and the nitrate-based precursor contained 0.5 M sucrose and 1.0 M NaNO3.  
FeCl3 concentrations in the chloride precursor solutions were varied from 0 to 0.39 M 
and Fe(NO3)3 concentrations in the nitrate precursor solutions were varied from 0 to  
0.12 M.  Precursor solutions containing iron species were acidic (1<pH<3). To prepare 
other metal-impregnated carbon materials by USP, the appropriate metal salt was 
dissolved in the precursor solution instead of the iron nitrate.  All precursor solutions 
were sparged with argon for at least 30 minutes and then added to the cell through the 
rubber septum via syringe. 
 
4.2.2. USP Apparatus, Reaction Conditions, and Product Workup 
The USP apparatus described in section 3.2.1 was used with no modifications for 
the nitrate-based precursor solutions.  A modified USP apparatus with a horizontal 
furnace was used for the chloride-based precursors. 
The furnace was preheated to the desired reaction temperature (500-800 °C).  
Argon was used as the carrier gas at a flow rate of 1 L/min.  The system was purged with 
the carrier gas for at least one hour prior to the addition of the precursor solution.  After 
the precursor was added to the cell, the water nebulizer was turned on to start the 
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reaction.  The water nebulizer was turned off to end the reaction when the entire 
precursor solution was aerosolized or after the desired amount of product was obtained.  
Any remaining aerosol in the system was allowed to dissipate before the furnace was 
turned off.  The system should be allowed to cool with the carrier gas still flowing to 
prevent the collection liquid from moving backwards in the system as it cools.   
Pyrolysis products were collected in deionized water bubblers.  The products from 
chloride precursors were isolated and washed by vacuum filtration and dried overnight in 
air at 110 °C and ambient pressure before analysis.  The products from nitrate precursors 
were isolated by centrifugation, washed with at least four aliquots of deionized 
water/ethanol, and dried under vacuum at 60 °C overnight before analysis. 
  
4.2.3. Heat and Hydrogen Treatments 
Heat and hydrogen treatments of carbons from nitrate precursors were carried out 
on the Suslick group catalysis rig.  Fe-C was placed in a Pyrex catalysis cell and 
connected to the catalysis rig.  The cell was purged with nitrogen at room temperature for 
>1 hour before heating at 400 °C under nitrogen or hydrogen for 16 hours.  After heating, 
the cell was allowed to cool to room temperature under the gas flow.  For heat treatments, 
the Fe-C was removed from the cell in the ambient atmosphere.  For hydrogen 
treatments, the cooled tube was transferred to an inert atmosphere box and the sample 
was removed from the cell and stored there until analysis. 
Heat and hydrogen treatments of carbons from chloride precursors were carried 
out in a quartz tube in a cylindrical furnace for 12 hours.  After hydrogen treatments, the 
Fe-C was handled in ambient atmosphere.   
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4.2.4. Iron leaching experiments 
Sodium chloride (Mallinckrodt Chemicals, ACS grade) and hydrochloric acid 
(Mallinckrodt Chemicals, ACS grade) were used as purchased.   
25 mg of Fe-C was dispersed in 10 mL of 0.1 M NaCl solution and HCl was 
added to adjust the solution to pH 2.  The vials were continuously agitated on a 
Barnstead/Thermadyne Labquake® Rotisserie.  After 48 hours, the dispersions were 
filtered using a 0.02 μm filter.  The acidic leaching solutions were analyzed by 
inductively coupled optical emission spectroscopy (ICP-OES) by the University of 
Illinois School of Chemical Sciences Microanalysis Laboratory. 
 
4.2.5. Aqueous Hexavalent Chromium Reduction 
K2Cr2O7 (ACS grade) was dried at 180 °C under vacuum for 2 hours.  A 34 μM 
Cr(VI) solution was prepared by dissolving dried K2Cr2O7 in deionized water.  
Dispersions of reduced Fe-C in 34 μM Cr(VI) solution (10:3 Fe:Cr molar ratio) were 
prepared in an argon glove box.  As a control, reduced USP carbon (no iron present, used 
same carbon mass as in Fe-C dispersions) was also dispersed in a 34 μM Cr(VI) solution.  
The vials were continuously agitated on a Barnstead/Thermadyne Labquake® Rotisserie.  
At timed intervals, dispersions were removed for analysis. 
Cr(VI) concentrations were immediately determined using UV-vis spectroscopy 
(Varian Cary 50) following EPA method 7196a.35  Cr(VI) sample solutions were 
extracted from the bulk dispersions and filtered with a 0.22 μm filter.  A 10 mL volume 
of the extracted Cr(VI) solution was mixed with 2 mL of a 0.02 M solution of  
1,5-diphenylcarbazide in acetone and the pH was adjusted to 1-2 by addition of a  
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10% v/v sulfuric acid solution.  Cr(VI) calibration solutions were filtered and prepared 
using the same method. 
 
4.2.6. Materials Characterization 
SEM, TEM, N2 adsorption, elemental analysis, and XPS were performed 
following the same procedures described in section 3.2.  Powder x-ray diffraction (XRD) 
was conducted on a Siemens-Bruker D5000 diffractometer operating at 40 kV and 30 mA 
using Cu Kα radiation (λ=1.5418 Å) with a step size of 0.05° and a scan rate of 0.4 °/min.  
Samples were prepared in a quartz holder which reduces the background signal.  The 
diffraction peaks were indexed using the ICDD database and MDI Jade 9 software. 
 
4.3. Results and Discussion 
 
4.3.1. Materials characterization 
Iron-impregnated porous carbon microspheres (Fe-C) prepared using USP are 
<3.0 μm in diameter (Figure 4.1), and TEM (Figure 4.2) shows that iron nanoparticles are 
dispersed within the porous carbon support.  The physical properties of the Fe-C 
materials are summarized in Table 4.1.  Diameters of the iron nanoparticles vary with the 
furnace temperature and are observed by TEM to range from <20 nm to 90 nm  
(Figure 4.3).  The size of the iron nanoparticles prepared from the chloride precursors 
does not appear to change with pyrolysis temperature, however sintering of the iron 
nanoparticles prepared from the nitrate precursors occurs at higher temperatures.  XPS 
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indicates that no iron is present on the carbon surface.  A negligible amount of sodium in 
XPS data confirms that the washing procedure removes all surface salts. 
 
 
Figure 4.1  SEM images of Fe-C described in Table 1 and prepared by USP using  
(a-d) chloride-based precursors and (e-h) nitrate-based precursors at 500, 600, 700, and 
800 °C (left to right).   
 
 
Figure 4.2  TEM images of Fe-C described in Table 1 and prepared by USP using  
(a-d) chloride-based precursors and (e-h) nitrate-based precursors at 500, 600, 700, and 
800 °C (left to right).  
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Table 4.1  Characteristics of Fe-C materials prepared using chloride or nitrate-based 
precursors at select temperatures and a carrier gas flow rate of 1 SLPM.  
a mg Fe-C product collected per 50 mL precursor solution aerosolized 
b S.A. = surface area 
 
  
Figure 4.3  High magnification TEM images showing iron nanoparticles impregnated in 
the Fe-C spheres prepared using (a) chloride-based precursors at 600 °C and (b) nitrate-
based precursors at 700 °C.   
 
Major differences in the surface morphology of Fe-C products synthesized from 
the two precursor solutions are evident by SEM.  For materials prepared using chloride 
salts, external surface heterogeneities are generated because solid sodium chloride acts as 
Fig. 4.1 
& 4.2 
Label 
Anion Temp. (°C) 
Precursor 
Iron Conc. 
(M) 
Production 
Rate          
(mg/50 mL) a 
BET  
S.A.b 
(m2/g) 
Iron  
Form 
Iron 
Nanoparticle 
Diameter  (nm) 
a Chloride 500 0.12 275 140 Amorphous --- 
b Chloride 600 0.12 240 320 Fe3O4 <20 
c Chloride 700 0.12 210 560 Fe3O4 <20 
d Chloride 800 0.12 110 800 Fe3O4 <20 
e Nitrate 500 0.02 800 4 Amorphous --- 
f Nitrate 600 0.02 530 40 Fe3O4 Fe1-xO 
<20 
g Nitrate 700 0.02 330 680 
Fe3O4 
Fe1-xO 
Fe2N 
<20 
h Nitrate 800 0.02 70 740 
Fe3O4 
Fe1-xO 
Fe2N 
30 – 90 
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an in situ template during Fe-C production (Figure 4.1a-d).  As water evaporates from the 
aerosol droplets, NaCl, which is present at a high concentration, precipitates out at the 
surface, allowing for generation of visible surface heterogeneities.  Washing removes the 
template, leaving external carbon porosity, which is visible on the surface of Fe-C 
prepared from chloride-based precursors at all temperatures.  In the absence of such a salt 
template (i.e., no NaCl added), the Fe-C samples prepared have a smooth exterior surface 
morphology (Figure 4.4a). 
In contrast to Fe-C prepared from chloride-based precursor solutions, materials 
prepared using nitrate salts do not show such highly textured surface morphologies 
(Figure 1e-h).  Compared to NaCl in the chloride precursors (2.4 M), NaNO3 is present in 
lower concentrations (1 M).  NaNO3 is also more soluble than NaCl, which prevents its 
rapid precipitation to the surface of the drying aerosol particles and the subsequent 
generation of visible surface heterogeneities.  Molten NaOH is expected to form as a by-
product of NaNO3 decomposition at >600 °C, but its presence does not appear to impact 
the Fe-C surface morphology.  Fe-C prepared using iron nitrate without added NaNO3 
maintain a rough surface morphology, which is visible by SEM (Figure 4.4b). 
 
 
Figure 4.4  SEM images of USP Fe-C prepared from a precursor solution containing (a) 
0.6 M sucrose and 0.12 M FeCl3 at 900 °C, and (b) 0.5 M sucrose and 0.02 M Fe(NO3)3 
at 700 °C.   
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 XRD patterns of Fe-C prepared at 500-800 °C are shown in Figure 4.5.  A broad 
peak at 2θ angles between 10-30° is not shown in Figure 4.5, but is consistent for all Fe-
C materials and corresponds to amorphous carbon.  No graphitic carbon was formed (i.e., 
no corresponding sharp diffraction peak at 26-27° was observed in any Fe-C XRD 
pattern), most likely due to short residence times and moderate temperatures preventing 
carbon crystallization.   
 
Figure 4.5  XRD patterns for Fe-C materials described in Table 1 and prepared at 500 to 
800 °C using (a) chloride-based precursors and (b) nitrate-based precursors. 
 
Fe-C prepared using chloride salts at the lowest temperature (500 °C) does not 
show a crystalline iron phase, but the presence of iron is confirmed by bulk elemental 
analysis (Figure 4.5a, Table 4.2).  At higher temperatures (600 – 800 °C), the presence of 
identifiable, iron-associated XRD peaks for materials prepared using the chloride salts 
indicates that crystalline iron is present; these peak locations match the standard for 
magnetite (Fe3O4, PDF#04-005-4319).  Peaks corresponding to NaCl (halite) were not 
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observed.  Crystalline zero valent iron, iron carbide, hematite, or wustite were not 
observed for Fe-C materials prepared from chloride-based salts. 
Fe-C prepared at using nitrate salts at 500 °C does not show a crystalline iron 
phase, but the presence of iron is confirmed by elemental analysis (Figure 4.5b,  
Table 4.2).  The presence of identifiable iron-associated peaks in the patterns for Fe-C 
prepared at 600-800 °C indicates that crystalline iron is present; these peak locations 
match the standards for Fe3O4 (PDF#04-005-4319) and a reduced wustite phase (Fe1-xO, 
e.g. PDF#01-085-0625).  Additionally, peaks matching iron nitride (ζ-Fe2N,  
PDF#04-011-7278) are found in the patterns for the Fe-C materials prepared at  
700-800°C.  The relative intensity of the Fe1-xO peaks decreases and the relative intensity 
of the Fe2N peaks increases as the pyrolysis temperature increases, but Fe3O4 is the 
dominant crystalline iron species regardless of preparation temperature.  There are no 
peaks representing residual or trapped NaNO3 or NaOH (formed during sodium nitrate 
decomposition) in the XRD patterns, which indicate complete decomposition or removal 
after the washing procedure.  There are also no peaks representing zero valent iron, iron 
carbide, or hematite in the XRD patterns. 
Bulk elemental analysis of Fe-C products is presented in Table 4.2, with oxygen 
content determined by difference.  Carbon content increases with increasing pyrolysis 
temperature while hydrogen and oxygen content decrease; this is consistent with 
pyrolysis of oxygen functional groups at higher temperatures.  The significant amount of 
oxygen present in the materials suggests that the carbons have a slightly hydrophilic 
nature. 
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Table 4.2 Bulk elemental analysis of Fe-C products prepared at various temperatures and carrier 
gas flow rate of 1 SLPM, originally described in Table 4.1. 
Fig. 4.1 & 
4.2 Label Anion 
Pyrolysis  
Temp. (°C) 
C  
(wt%) 
H  
(wt%) 
N  
(wt%) 
Fe 
(wt%) 
O 
(wt%, by 
difference)
a Chloride 500 65.1 3.3 0.3 4.0 27.3 
b Chloride 600 70.2 2.6 0.4 8.3 18.5 
c Chloride 700 73.3 2.0 0.3 9.6 14.8 
d Chloride 800 81.2 1.5 0.4 5.1 11.8 
e Nitrate 500 54.9 2.5 5.7 2.5 34.4 
f Nitrate 600 59.3 2.5 6.3 3.2 28.7 
g Nitrate 700 64.4 2.3 6.1 3.7 23.5 
h Nitrate 800 67.9 1.7 3.4 8.3 18.7 
 
 
Yields for collected carbon are less than 12% of the total input carbon from 
sucrose, but a separate determination between non-decomposed sucrose and gasified 
carbon cannot be made with the available data.  The carbon yield decreases with 
increasing temperature, which is expected from secondary pyrolytic reactions at higher 
temperatures.    
The effect of iron salt concentration in the precursor on the production of iron 
nanoparticles was studied using the nitrate precursor system.  The amount of iron nitrate 
in the precursor solution was increased up to 0.12 M and the solutions were pyrolyzed at 
700 °C.  Figure 4.6 shows TEM images of these Fe-C materials.  The surface area and 
iron particle size vary depending on the amount of iron nitrate in the precursor solution 
(Table 4.3).  The iron loading can be increased to 10 wt% Fe and the iron nanoparticles 
remain fairly uniform in size and the material remains porous.  The surface area 
decreases with increasing iron content, which is to be expected from a higher iron loading 
because the iron nanoparticles are larger and will therefore bock more of the pores in the 
carbon.  When the iron loading is increased to 14 wt% Fe, large masses or iron are 
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formed in the middle of the carbon spheres and sometimes separate masses of iron are 
formed outside of a carbon sphere (not pictured). 
 
 
Figure 4.6 TEM images of Fe-C prepared by USP at 700 °C using different 
concentrations of iron nitrate in the precursor solution: (a) 0.02 M Fe(NO3)3,  
(b) 0.04 M Fe(NO3)3, (c) 0.07 M Fe(NO3)3, and (d) 0.12 M Fe(NO3)3, 
 
Table 4.3 Properties of Fe-C prepared by USP with different concentrations of iron 
nitrate in the precursor solution. 
Figure 4.6 
Label 
[Fe(NO3)3] 
(M) 
BET Surf. Area 
(m2/g) 
Bulk Iron Content 
(wt%) 
Iron Particle Size 
(nm) 
a 0.02 680 3.7 <20 
b 0.04 520 5.3 <20 
c 0.07 120 10.1 <60 
d 0.12 - 14.4 - 
 
 
4.3.2. Precursor decomposition  
Spray pyrolysis of a sucrose-only solution does not produce carbon products 
using this USP system because the aerosol residence time in the furnace is insufficient to 
carbonize sucrose, even when high temperatures (900 °C) and decreased flow rates  
(0.5 L/min) are used.  Similarly, no carbon products were obtained from a sucrose/NaCl 
solution under these experimental conditions. 
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For USP with short residence times, carbon products are only produced from 
sucrose in the presence of a catalyst, in this case, Fe3+ ions acting as a Lewis acid 
catalyst.36  Furthermore, iron oxide nanoparticles may act as catalytic seeds for the 
growth of carbon nanostructures similar to the formation of other carbon-based 
nanomaterials including carbon nanotubes and carbon nanocages.37-39   
Interestingly, an aqueous solution containing only sucrose and NaNO3 produced 
solid carbon products via USP at temperatures as low as 600 °C.  Unlike sodium chloride, 
which is chemically inert under the conditions used in this study, sodium nitrate is a 
strong oxidant.  Decomposition products from NaNO3, including O2 and NO2, are 
oxidizing agents and may catalyze sucrose dehydration or decomposition, allowing for 
carbon isolation without iron.40  Carbons prepared from an aqueous solution containing 
only sucrose and NaNO3 at 600 °C, 700 °C, and 800 °C have surface areas of 20 m2/g, 
800 m2/g, and 560 m2/g, respectively.  An aqueous precursor solution containing only 
sucrose and Fe(NO3)3 yields negligible product at 700 °C, preventing BET surface area 
analysis.  In contrast to the chloride system, it is clear that the sodium salt in the nitrate 
system has more impact on carbon isolation than the iron salt, despite similar acidity 
resulting from Fe(NO3)3.   
Both iron nitrate and iron chloride are common catalyst precursors for incipient 
wetness and excess solution impregnations.41  Evaporation of water from the USP 
generated aerosol droplets at the heated reactor entrance results in the formation of  
α-Fe2O3 (PDF#04-003-2900) upon heating.42  We have observed that USP of sucrose-free 
chloride precursor solutions results in formation of hematite (Figure 4.7).   
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Figure 4.7  SEM image and XRD pattern of porous hematite (α-Fe2O3) prepared using 
USP at 400 oC with an aqueous solution of NaCl and FeCl3 (BET S.A. = 200 m2/g). 
 
Iron oxide reduction to magnetite or wustite must take place through reactions 
involving sucrose in both precursor solutions.  Two possible mechanisms are proposed.  
First, in acidic solutions, sucrose is partially hydrolyzed to glucose and fructose.43,44  As 
aerosol droplets enter the reactor and water evaporates, solid particles containing glucose, 
fructose, sucrose, NaNO3, and iron hydroxide form.  As the temperature increases, iron 
hydroxide will be reduced by reaction with glucose to form reduced iron species, 
gluconic acid, and hydrogen.43  Second, if α-Fe2O3 initially forms when water evaporates, 
it may be reduced to Fe3O4 or other reduced iron species by CO and H2 (products from 
sugar decomposition and gasification).  Crystalline hematite is not observed in any Fe-C 
products, so if it were initially formed, its conversion to crystalline reduced iron species 
including magnetite and reduced wustite must have occurred fully.  Although oxidizing 
gases are generated from the nitrate decomposition, crystalline iron oxide is still the 
dominant crystalline iron species present, suggesting that the impact of these gases on the 
chemistry of the iron particles is negligible.   
Some iron nitride is present in the Fe-C materials produced at higher 
temperatures, suggesting that the nitriding of iron oxides occurs through reactions with 
NOx at 700-800 °C.  Nitriding of iron in steel using potassium or sodium nitrate salt baths 
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at 650 °C is attributed to nitrides generated indirectly from nitrate decomposition, or to 
NO or NO2 generated directly from nitrate decomposition.45-47   
 
4.3.3. Porosity formation in Fe-C materials 
For chloride-containing precursors, pore development likely occurs via two 
pathways, depending on temperature.  At temperatures less than 700 °C, pore 
development results from carbon atoms networking around an in situ solid salt template:  
when water evaporates during initial droplet heating, solid NaCl (melting point = 800 °C) 
remains as a non-reactive inert porogen, providing a solid surface around which isolated 
carbon atoms can network, which results in the development of an interior porous 
structure.18,23-25  When this salt template is dissolved in the collection bubblers, the 
porous network remains throughout the carbon matrix.  At 600 °C, iron-impregnated 
carbon materials prepared with NaCl in the precursor solution have a surface area of  
390 m2/g, whereas carbon materials prepared without NaCl have a surface area of  
10 m2/g (Table 4.4).  Despite increased water concentrations in the gas stream, carbon 
gasification is not expected to add surface area to Fe-C products prepared at less than  
700 °C under our experimental conditions.  Literature indicates that carbon gasification is 
significantly increased with temperature.  For example, rate of CO evolution increases 
several times for steam gasification of coal and active carbon when the temperature 
increases from 700 to 800 °C.48   
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Table 4.4  Impact of salt presence and reactor temperature on total Fe-C surface area for 
0.12 M FeCl3 precursor solutions at a carrier gas flow rate of 0.5 SLPM. 
Reactor Temp. 
(°C) 
S.A. with NaCl 
(m2/g) 
S.A. without NaCl 
(m2/g) 
600 390 10 
700 520 200 
900 530 710 
 
 
It is worth noting here that hematite products prepared using USP and aqueous 
precursor solutions containing only NaCl and FeCl3 also benefited from this in situ solid 
salt template.  As-produced hematite surface areas are as high as 200 m2/g when prepared 
from precursors with large (10:1) NaCl to FeCl3 ratios (Figure 4.7).  Hematite prepared 
under similar pyrolysis conditions but from a precursor with a small NaCl to FeCl3 ratio 
(0.05:1) has a specific surface area of only 30 m2/g.   
Above 700 °C, a different Fe-C pore formation mechanism is evident for Fe-C 
prepared from chloride salts.  At these temperatures, fresh edge-site carbon atoms formed 
from sucrose dehydration will react with steam in the pyrolysis gas to generate additional 
porosity in the carbon support.  Steam gasification of carbon produces H2 and CO, which 
may also be responsible for the reduction of iron species within the Fe-C products.  In 
addition, steam gasification may also be catalyzed by the presence of iron nanoparticles 
within the carbon spheres.49,50  With this high temperature mechanism, the presence of 
salt may actually hinder porosity development, since NaCl (solid or molten depending on 
temperature) may block carbon sites and prevent gasification.  At 900 °C and a low 
carrier gas flow rate (0.5 SLPM), materials prepared with the NaCl template have a 
surface area of 530 m2/g while those materials prepared without the salt template exceed 
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700 m2/g (Table 4.4), suggesting that the contribution of the in situ salt template to 
porosity development diminishes at higher reaction temperatures.  Temperatures of  
700 to 800 °C appear to be the ideal pyrolysis temperature for preparing Fe-C materials 
from chloride-based precursors in terms of surface areas and yields (Tables 4.1 and 4.4). 
High and low temperature mechanisms also appear to be present for porosity 
development in Fe-C materials prepared using nitrate precursors.  At 500-600 °C, only 
low porosity materials are generated (surface areas <40 m2/g).  Carbon templating onto 
molten NaNO3 likely contributes to the minimal porosity that is developed.  The absence 
of accessible internal porosity from surface heterogeneities, as is observed in low 
temperature chloride-based Fe-C products benefiting from the NaCl template, results in 
lower surface area materials for the nitrate precursors compared to the chloride precursors 
(Table 4.1). 
At 700-800 °C, carbon gasification by steam (i.e., C + H2O  CO + H2) is 
expected to be the dominant source of porosity development in the nitrate-based Fe-C 
products.  Minimal porosity generation is expected from gasification by oxidizing gases 
(O2, NO2) evolved from sodium nitrate decomposition, since their concentrations are low 
compared to steam.  The surface area of the materials prepared using nitrate slats at  
700 °C is 680 m2/g, compared to only 40 m2/g at 600 °C.  Additional porosity may result 
from a molten NaOH in situ template that forms from the reaction of water with Na2O, a 
byproduct of NaNO3 decomposition.  Chemical activation from reaction between NaOH 
and carbon may also develop porosity within the Fe-C products, though the extent of this 
impact is currently unclear.51  It appears that under the reaction conditions tested here, 
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700 °C is the optimum temperature at which to balance high yield and high surface area 
when using the nitrate precursors. 
 
4.3.4. Potential gas and liquid phase catalytic applications 
Despite high bulk iron content, XPS analysis confirmed that there are negligible 
amounts of iron of the outer surface of Fe-C products (both as-produced and hydrogen 
treated).  This deficiency of external surface iron may affect the application of the Fe-C 
materials: for example, if the iron nanoparticles are covered by carbon, then they may not 
be accessible to gases and this could limit their applications as a catalyst or in other 
applications where gas-solid contact is required.  On the other hand, liquid phase 
reactions where electron transfer can occur through the carbon shell might still be 
possible.  Iron leaching experiments support high stability in acidic conditions; a 
negligible amount of iron (<0.2%) is removed after stirring for 48 hours at pH 2. 
To assess iron nanoparticle accessibility, a USP Fe-C material, prepared using 
chloride salts, was annealed under nitrogen or hydrogen at 400 °C (to minimize the 
sintering of metal nanoparticles) and then analyzed with XRD to determine the structure 
of impregnated iron (Figure 4.8).  Table 5 shows the relevant physical properties of the 
tested materials.   
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Figure 4.8 XRD patterns for Fe-C materials as prepared by USP and after heat or 
hydrogen treatment.  The USP Fe-C sample was prepared using chloride salts at 600 °C, 
0.5 SLPM N2, 0.39 M FeCl3. 
 
Table 4.5 Physical properties of Fe-C before and after treatments with heat and 
hydrogen. 
Treatment S.A. (m2/g) 
Fe3O4 
(wt%) 
Fe 
(wt%) 
Fe3O4 Diameter 
(nm) 
Fe Diameter 
(nm) 
As prepared 300 100% 0% 7.5 --- 
Heat in N2 
(12 h, 400 °C) 490 100% 0% 9.8 --- 
Heat in H2 
(12 h, 400 °C) 630 57% 43% 10.2 25.0 
 
 
Both heat alone and especially treatment with hydrogen increase the surface area 
of Fe-C.  Heat or hydrogen treatments do not cause shifts in the Fe-C XRD pattern and 
zero valent iron (PDF#00-006-0696), is only present in the H2-treated Fe-C (Figure 4.8).  
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Since gas/solid contact is required for iron oxide reduction, this provides evidence that 
some of the impregnated magnetite nanoparticles are, at the very least, accessible to H2 
during the heat treatments.  In this particular example, H2 reduced approximately 50% of 
the available iron.  The remaining magnetite nanoparticles may have been covered by 
carbon, or some zero-valent iron may have been oxidized during post-treatment handling 
and preparation for, or running of, XRD analyses in air.  While minor sintering of 
magnetite was present after the heat treatments, zero valent iron nanoparticles were more 
susceptible to sintering.   
A reduced Fe-C sample (prepared from nitrate precursors) was tested for 
reduction of aqueous hexavalent chromium to see if the iron nanoparticles were active 
catalytic sites for liquid-phase reduction applications.  USP carbon prepared from a 
precursor solution containing only sucrose and NaNO3 (as described in Chapter 3) was 
used as a control.  Both materials received the same H2 treatment before the Cr(VI) 
experiments. 
After 48 hours of exposure to the Fe-C material, the concentration of Cr(VI) in 
the solution was reduced from 34 to 6 μM (Figure 4.9, lines drawn to guide the eye).  
Solutions that were treated with non-impregnated carbon contained 31 μM Cr(VI) after 
the same time period.  It is not clear whether the improved performance of the Fe-C 
material is due to liquid-solid contact or electron transfer through the carbon shell, but the 
Fe-C material performs well compared to pure carbon in this preliminary aqueous phase 
test. 
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Figure 4.9 Chromium reduction using reduced Fe-C. 
 
Fe-C materials contain crystalline magnetite and thus the materials are magnetic.  
Figure 4.10 shows how these materials can be isolated from water dispersions using a 
large magnet located to the right of the vial containing the dispersion.  This magnetic 
property may improve the application potential of these Fe-C materials by providing a 
facile route to catalyst recovery. 
 
 
Figure 4.10 (a) Initial Fe-C suspension in water.  (b) Magnetic separation of the Fe-C 
from a suspension in water after 15 minutes.   
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Sucrose dehydration/decomposition in a USP reaction can also be catalyzed by 
other metal ions such as Co2+, Ni2+, Cu2+, or Zn2+.  Co-C, Ni-C, Cu-C, and Zn-C 
materials were prepared by USP following the same procedure as for Fe-C.  However, the 
rates of reaction between sucrose and these metal ions are apparently slower than with 
iron as seen by lower carbon production rates.  The morphology of the Co-C and Ni-C 
materials is similar to the Fe-C materials (Figure 4.11).  Porosity development is again 
evidenced by increased product surface areas (Table 4.6). 
 
  
Figure 4.11 TEM images of (a) Co-C and (b) Ni-C prepared by USP at 700 °C. 
 
Table 4.6 Preparation conditions and specific surface areas for metal-C materials 
prepared by USP. 
Metal Source 
Inorganic 
Salt 
Precursor 
Metal Conc. 
(wt%) 
Pyrolysis 
Temp. 
(°C) 
Carrier Gas 
Flow Rate 
(SLPM) 
S.A. 
(m2/g) 
Cu(CH3OO)2 + HCla NaCl 8 600 0.5 150 
Zn(CH3OO)2 NaCl 8 600 0.5 220 
Ni(NO3)2·6H2O NaNO3 4 700 1.0 570 
Co(NO3)2·6H2O NaNO3 4 700 1.0 480 
a HCl added to prevent precipitation of copper hydroxide 
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4.4. Conclusions 
Porous carbon spheres impregnated with nanoscale magnetite, wustite, or iron 
nitride particles can be prepared in a single-step, continuous process using ultrasonic 
spray pyrolysis.  This work simplifies established processes for preparing impregnated 
carbon materials by permitting carbonization, pore formation, metal impregnation, and 
metal activation to occur simultaneously in a continuous process requiring little manual 
control.  Furthermore, this process requires only a single heating step and uses low cost 
starting materials.  Fe-C surface areas ranged from 4 – 320 m2/g when prepared using 
only in situ templating, but exceeded 700 m2/g from in situ carbon gasification or 
chemical activation with reaction temperatures >700 °C.  Materials prepared using 
chloride and nitrate salts were structurally different, but the physical and chemical 
properties of the carbon and impregnated iron species were similar.  USP Fe-C materials 
may be useful in industrial applications due to their potential for high-loading of well-
dispersed metal nanoparticles.   
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CHAPTER 5:  BIOETHANOL PRODUCED FROM  
LIGNOCELLULOSIC BIOMASS 
 
 
5.1 Bioethanol and Biofuels 
Growing concerns over national energy security and climate change have renewed 
the urgency for developing sustainable biofuels, bioproducts, and biopower.1  Biofuel is a 
sustainable energy resource that promises to diversify transportation fuels, reduce carbon 
emissions, and reduce the U.S. dependency on foreign oil.  Additionally, biofuels may 
promote the U.S. agriculture economy.  The Energy Independence and Security Act of 
2007 (EISA) mandates that the U.S. produce 36 billion gallons of renewable fuels by 
20222 which is equivalent to one quarter of the current U.S. gasoline use.3   
One of the sources of renewable fuels is ethanol.  In 2008, the U.S. was the 
world’s largest ethanol producer (Figure 5.1), and the vast majority of U.S. ethanol is 
derived from starch- or sugar-based feedstocks, such as corn.4  The majority of the starch 
and sugar in corn is found in corn kernels, and there are concerns about the impacts on 
land use and food crops associated with using corn as the main ethanol source.  
According to the U.S. Department of Energy Alternative Fuels & Advanced Vehicles 
Data Center (ADFC), nearly a quarter of the corn produced in the U.S. in 2007 was used 
for ethanol.5   U.S. production of ethanol has dramatically increased over the past 10 
years (Figure 5.2).  Brazil, the world's second-largest ethanol producer behind the U.S., 
mostly uses sugar cane as a feedstock.   
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Figure 5.1 World fuel ethanol production in 2008.4 
 
 
Figure 5.2 U.S. ethanol production since 2000.1 
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Ethanol is used as a blending agent in gasoline to increase octane and cut down on 
carbon monoxide and other smog-causing emissions.  Nearly half of all U.S. gasoline 
contains 10% ethanol (E10).  This low-level ethanol blend can be used in almost any 
gasoline-powered vehicle, but E10 does not qualify as an alternative fuel.  Intermediate 
ethanol blends contain 15% or 20% ethanol (E15 and E20, respectively) and can be used 
in flexible fuel vehicles (FFVs), but these blends cannot yet be used legally in standard 
vehicles.  An 85% ethanol fuel blend (E85) is an alternative fuel that can be used in 
FFVs.  The ADFC reports that, as of July, 2009, more than 1,950 U.S. fueling stations in 
more than 40 states offered E85 to the more than 7 million FFVs on U.S. roadways, but 
this is only about 2% of fueling stations in the U.S.6  
U.S. legislature has capped the production of corn ethanol at 15 billion gallons by 
2015.  EISA projects that the 2022 renewable energy goals can be met by increasing the 
production of cellulosic ethanol from sources other than corn (Figure 5.3).  The 
“cellulosic advanced” ethanol sources that are expected to contribute the most to the 
growth of ethanol production are lignocellulosic biomass sources:  forestry residue, 
agricultural residue, yard waste, wood products, and even animal and human waste.  The 
goal of using lignocellulosic biomass is to convert the cellulose component into ethanol.  
Additionally, other chemicals and chemical feedstocks can be derived from the other 
components of lignocellulosic biomass.  This chapter will review the composition and 
sources of lignocellulosic materials as well as a variety of technologies that are being 
studied for enhancing the production of ethanol. 
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Figure 5.3 EISA mandates a cap on corn ethanol production by 2015 (light green) and an 
increase in cellulosic ethanol production (dark green) to meet the 2022 goals of 
producing 36 billion gallons of renewable fuels.3 
 
 
5.2 Lignocellulosic Biomass 
 
5.2.1 Composition of Lignocellulosic Biomass 
Lignocellulosic biomass typically contains 50-80% carbohydrates that are 
polymers of five- or six-carbon sugar units.  The three main components are cellulose, 
hemicellulose, and lignin.  Biomass also usually contains some inorganic ash (e.g., 
silica). 
Cellulose is a polymer made up of straight chains of D-glucose units (called 
glucan chains) which contain 7,000-15,000 units of glucose with only β-(1,4)-linkages 
between them (Figure 5.4).  The glucan chains are often times arranged in a crystalline 
structure with significant hydrogen bonding between the chains. Cellulose typically is 
found in microfibrils each measuring about 3-6 nm in diameter and containing up to 36 
glucan chains.7   
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Figure 5.4 Structure of crystalline cellulose showing glucan chains with hydrogen 
bonding.8 
 
Hemicellulose is a complex polymer composed of D-pentose sugars (including 
xylose, galactose, rhamnose, and arabinose) and sometimes D-hexose sugars (Figure 5.5).  
The hemicellulose chains usually consist of 500-3,000 units which are arranged in a 
random, branched structure.  Because of this structure, hemicellulose is weaker and easily 
hydrolyzed by dilute acid, dilute base, or hemicellulose enzymes.  The composition of the 
hemicellulose chains depends on the type of plant.  In grasses, the backbone of the 
hemicellulose polymer is typically xylan, and the side chains contain arabinose and 
glucuronic acid, and the unbranched parts of the xylan backbone are often substituted 
with acetyl ester groups (Figure 5.6).  Hemicellulose chains are connected to both 
cellulose and lignin, essentially keeping the lignocellulosic material together.   
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Figure 5.5 Structures of sugar monomers commonly found in hemicellulose. 
 
 
 
Figure 5.6 Schematic of the arrangement of hemicellulose components: xylan backbone, 
with arabinan side chains which link to lignin, acetate and glucuronic acid groups off the 
xylan chain.   
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Lignin is a highly-crosslinked aromatic polymer which is composed of three 
monomers: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (Figure 5.7).  
Approximately 40-60% of the inter-unit linkages in lignin are β-O-4 linkages,9 and 
Figure 5.8 shows an example of the structure of lignin.  The ratio of monomers in lignin 
depends on the type of plant.  The lignin gives the plant structural support and serves as a 
protective layer against microbial attack and oxidative stress.  The impermeability of 
lignin makes it difficult to access the cellulose. 
 
 
Figure 5.7 Lignin monomers.   
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Figure 5.8 Example of the structure of lignin.10 
 
5.2.2 Biomass Sources 
Biomass can be divided into classes based on the source and purpose of the 
material: agricultural residues, by-products of industrial processes, and dedicated energy 
crops.  Agricultural residues include wheat straw and corn stover (the stalk, leaf, husk, 
and cob of corn left in the field after harvest).  By-products of industrial processes 
include sawdust, sugarcane bagasse (the fibrous matter that remains after the stalks are 
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crushed to extract their juice), pulp residues, and dry distillers grains (the solids 
remaining after fermentation in beer or whiskey production).  Dedicated energy crops are 
plants that are grown to be harvested specifically for energy and the crop is not used for 
any other purpose.  Renewable energy researchers usually focus on species that are native 
to their region.  For example, researchers in South American countries frequently study 
sugar cane bagasse (i.e., byproduct of sugar cane processing), Malaysian researchers have 
studied water hyacinth and oil palm empty fruit bunch (OPEFB), and North American 
researchers extensively study corn, wheat and other grains, as well as dedicated energy 
crops such as switchgrass and Miscanthus.   
Switchgrass (Panicum virgatum) is a tall prairie grass native to North America 
and grows to be about 6 feet tall.  Miscanthus x giganteus (Mxg) is a large perennial grass 
that can grow to be more than 12 feet tall (Figure 5.9).  The grass is native to Africa and 
Asia but grows well in the Midwest U.S. (Figure 5.10) and in Europe.  In Central Illinois, 
the growing season begins in late April, and by May, the grass is usually about 6 feet tall.  
Mxg continues to grow through the warm season until about October.  By this time the 
grass has reached its mature height of nearly 12 feet.  The plant goes dormant after the 
first frost, the green foliage fades and drops, and the stems continue to dry out during the 
winter.  The dried stems are harvested around January and they are usually ½ to ¾ inch in 
diameter and more than 9 feet long.  Mxg is currently grown in Europe to burn for heat 
and electricity.  Mxg has produced about three times as much biomass as the switchgrass 
grown in the Northern U.S.:  the average biomass yield from Mxg grown in Central 
Illinois between 2002 and 2006 was 15.5 tons per acre, whereas the yield from 
switchgrass grown in the same region was 5.2 tons per acre.  Other advantages of Mxg as 
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an energy crop are that it is a sterile, non-invasive plant, it grows well in soil that is not 
suitable for corn so there is less competition for land between energy crops and food 
crops, it requires little fertilizer (it is a “low-maintenance” plant), and it can be stored in 
bales in the field until it is needed for energy which reduces storage space and cost.  For 
all of these reasons, Mxg has received a lot of attention as a renewable energy source, 
especially in the Midwest.   
 
a
b
 
Figure 5.9 (a) Mxg during the growing season and (b) dried Mxg before harvest.  
Figures adapted from http://miscanthus.illinois.edu. 
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Figure 5.10 Projected annual harvestable yield of Mxg in the U.S. (in metric 
tons/hectare)11 
 
 
5.3 Converting Lignocellulose to Fuel 
There are three technologies used to convert lignocellulose to fuel: pyrolysis, 
gasification, and hydrolysis/fermentation.   
Current pyrolysis technologies turn biomass into char, oil, and/or gas by tuning 
the pyrolysis temperature and reaction time.  At low temperatures (<200 °C) for extended 
reaction times (hours), the carbohydrates in biomass partially depolymerize to form short 
chains of ~200 sugar units.  At higher temperatures (~300 °C), the carbohydrates undergo 
depolymerization and dehydration to form char.  At even higher temperatures  
(400-500 °C), volatile species can be liberated, C-C bonds break, and the biomass is 
turned to tars.  This pyrolysis oil mixture is very complex and requires additional 
processing (i.e., hydro- or catalytic cracking) to refine it into a high-quality fuel.8,12   
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At high temperatures (>1000 °C), the pyrolysis of biomass results in the 
formation of synthesis gas (“syngas”), a mixture of CO and H2.  Syngas can be converted 
to methanol or dimethyl ether or be polymerized to a mixture of hydrocarbons via 
Fischer-Tropsch synthesis.  Syngas can also be used as a source of H2 for fuel.8,12   
The carbohydrates in biomass can be hydrolyzed at less severe conditions to 
produce the individual sugars (or isomers or oligosaccharides) which can then be 
fermented to produce ethanol.  Alternatively, the sugars can be turned into other useful 
chemicals such as furfural, hydroxymethylfurfural (HMF), or levulinic acid.   The 
remainder of this chapter will discuss the technologies that have been developed to 
convert lignocellulosic biomass into ethanol.    
 
5.4 Pretreatment 
The structure and composition of lignocellulosic biomass makes it more difficult 
to utilize the crops as ethanol sources (this is known as “biomass recalcitrance”).  There 
is significant crosslinking between the polysaccharides in cellulose and hemicellulose, 
and there are ester and ether linkages between the hemicellulose and lignin.  Therefore a 
pretreatment step is required to modify the physical structure and chemical composition 
of the biomass before it can be used as an energy source.  The overall goals of 
pretreatment are to break down the lignin and hemicellulose “shield” that protects the 
cellulose, disrupt the crystalline structure of cellulose, and decrease the degree of 
polymerization of cellulose (Figure 5.11).   
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Figure 5.11 Cartoon of the goals of pretreatment on lignocellulosic biomass.  Lignin is 
purple, hemicellulose is black, and cellulose is green.  Figure adapted from 
http://www.biomassmagazine.com/article.jsp?article_id=1533&q=. 
 
Pretreatment is one of the more expensive steps in the process of converting 
biomass into energy, so much attention has been focused on developing technologies 
which improve the efficiency and reduce the cost of the pretreatment process.  
Pretreatment should maximize the amount of carbohydrates that can be recovered from 
cellulose and hemicellulose while minimizing the degradation of sugars.  It is also 
beneficial to be able to recover lignin by-products because they can be used as chemicals 
or chemical feedstocks.  
Pretreatment methods can be grouped into three categories: physical pretreatment, 
chemical pretreatment and biological pretreatment (e.g. fungi).  Physical and chemical 
pretreatments will be reviewed in the following sections. 
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5.4.1 Physical Pretreatment Methods 
 
5.4.1.1 Uncatalyzed Steam Explosion 
Uncatalyzed steam explosion is also known as autohydrolysis.  In this process, 
biomass is rapidly heated by high-pressure saturated steam at 160-270 °C for several 
seconds to a few minutes.  Then the pressure is quickly released and the system is cooled, 
causing the biomass to undergo an explosive decompression.  During the high-pressure 
steam phase, hemicellulose is hydrolyzed by water as well as some organic acids that 
were released from the biomass, such as acetic acid.  During the explosive phase, lignin is 
broken up and removed from the biomass because the hemicellulose connections have 
been dissolved.  Autohydrolysis is a common pretreatment method, although it suffers 
from low hemicellulose sugar yield.7,13,14   
 
5.4.1.2 Liquid Hot Water 
Liquid hot water (LHW) pretreatment is a process in which biomass is “cooked” 
in hot water (160-200 °C) under high pressure.15-19  In this process, the water acts like an 
acid at high temperatures, and hemicellulose is hydrolyzed to release sugars and acids.19  
Corn stover20,21 and sugar cane bagasse22 that were pretreated with the LHW process 
yielded 90% glucose after enzymatic hydrolysis treatments.  Recent work has been 
carried out to optimize the industrial-scale LHW treatment using different reactors,23,24 
and a two-step process has been developed to maximize the recovery of hemicellulose-
derived sugars.25,26 
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5.4.1.3 Mechanical Comminution 
Biomass particles can be reduced in size by chipping, grinding, and milling, 
effectively increasing the surface area.  There are numerous milling methods that have 
been used for biomass pretreatment, including wet and dry ball-milling and compression 
milling.27-33  These physical pretreatments decrease the crystallinity and degree of 
polymerization of the cellulose, making it easier for enzymes to digest the cellulose.  
However, these processes are time-consuming and energy-intensive and they do not 
remove any lignin from the biomass, so mechanical comminution techniques are rarely 
used as the sole pretreatment method. 
 
5.4.1.4 High Energy Irradiation 
Biomass has been pretreated with γ-ray,34,35 electron beam,36,37 UV,7 and 
microwave irradiation.38-41  These methods are usually slow, energy-intensive, expensive, 
and sometimes strongly substrate-specific, so they lack commercial appeal.7   
 
5.4.2 Chemical Pretreatment Methods 
 
5.4.2.1 Catalyzed Steam Explosion 
The catalyzed steam explosion process is very similar to the uncatalyzed process, 
except that the biomass is impregnated with an acid prior to the steam explosion.  Acidic 
catalysts most commonly used are H2SO4,42,43 SO2,43-47 and CO2.48-51  Catalyzed steam 
explosions are carried out at lower temperatures than uncatalyzed steam explosions, and 
they have been shown to decrease cellulose crystallinity and degree of polymerization by 
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50%45,50 which results in higher sugar yields.  SO2 is the preferred catalyst for steam 
explosion because it has been shown to produce the same sugar yields from milder 
conditions, and the sugars have been shown to have better fermentability.  SO2, of course, 
is toxic and is an environmental pollutant (acid rain), so care must be taken to recapture 
the SO2. 
 
5.4.2.2 Alkaline Salts 
Alkaline pretreatment causes swelling, increased internal surface area, disruption 
of the lignin structure, separation of the structural linkages between lignin and 
carbohydrates, and decreased degree of polymerization and crystallinity of cellulose.7  
Delignification results from the cleavage of the α-O-4 linkages between hemicellulose 
and lignin and the cleavage of the β-O-4 linkages within the lignin structure.52  A 
significant amount of hemicellulose solubilization also occurs during alkaline 
pretreatments, as well as the removal of acetyl and uronic acid substitutions on the 
hemicellulose.  Alkaline pretreatment is relatively inexpensive and less toxic than other 
pretreatments.53  These processes use lower temperatures and pressures than other 
pretreatment processes, but the time of the treatment is hours or days rather than 
minutes.54  Additionally, the alkali is incorporated into the biomass during pretreatment, 
so washing is necessary.  Alkaline salts commonly used for pretreatments include NaOH, 
KOH, and Ca(OH)2 (lime).   
NaOH has been shown to be one of the most effective alkaline reagents for 
removing lignin from a variety of biomass feedstocks.7,54  The swelling that occurs when 
biomass is treated with NaOH increases the internal surface area of cellulose and 
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decreases the cellulose crystallinity and degree of polymerization, which promotes 
disruption of the lignin structure.13  Recently, Xu and coworkers thoroughly studied the 
NaOH pretreatment of switchgrass at a variety of temperatures and NaOH 
concentrations.55  They found that the reducing sugar yield from switchgrass pretreated 
with 1.0% NaOH at 50 °C for 6 hours was 3.78 times greater than from the untreated 
switchgrass.  They also noted that up to 86% lignin reduction could be achieved by more 
severe NaOH pretreatment, although this was also accompanied by greater hemicellulose 
solubilization during pretreatment which resulted in lower sugar yields from enzymatic 
digestion. 
Lime pretreatment is not as severe as NaOH preteatment.  Holtzapple and 
coworkers studied the lime pretreatment of switchgrass,56 bagasse and wheat straw,57 and 
corn stover58,59 under various conditions.  Pretreatment at 100-135 °C for 1-4 hr (short-
term lime pretreatment) resulted in ~30% lignin removal from all materials, whereas corn 
stover pretreatment at 25-55 °C for 4 weeks (long-term lime pretreatment) resulted in 
87% lignin removal.  Xu and coworkers found that the lime pretreatment of switchgrass 
at mild temperatures decreased the degree of lignin solubilization, but the biomass 
became more porous and the sugar yields from enzymatic hydrolysis increased despite 
the remaining lignin.60  They attribute the high enzymatic hydrolysis activity to the fact 
that the divalent calcium ions have a high affinity for lignin and can effectively crosslink 
lignin molecules, which disrupts the lignin structure and allows access to the cellulose 
without it being necessary to actually remove the lignin from the biomass.61-63  
Researchers have continued to demonstrate the effectiveness of lime pretreatment on 
various biomass materials.64-68 
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5.4.2.3 Alkaline Hydrogen Peroxide 
Pretreatment with hydrogen peroxide causes oxidative delignification and 
reduction of cellulose crystallinity.  The optimum pH range for the dissociation of H2O2 
is 11.5-11.6, so NaOH is added to the solution to achieve this basicity.  H2O2 
decomposition products such as ·OH and O2−·, rather than H2O2 or HOO−, are the primary 
lignin oxidizing species.69  Wheat straw,70 Miscanthus,71 oak,72 Douglas fir,73 and rice 
hull74 have been pretreated with alkaline H2O2.   
 
5.4.2.4 Ammonia Fiber Expansion (AFEX) 
Ammonia fiber expansion (AFEX) is an alkaline pretreatment that uses both 
physical (high temperature and pressure) and chemical (ammonia) processes to alter the 
lignocellulosic structure.75  In the AFEX process, biomass with specific moisture content 
is added to the reaction vessel and then the ammonia is introduced.  Ammonia penetrates 
the biomass and exothermically reacts with water present in the biomass forming 
ammonium hydroxide.  The vessel is held at moderate-high temperature (70-180 °C) and 
high pressure (250-300 psi) for 5 min before rapidly releasing the pressure.  The 
instantaneous drop of pressure in the vessel cases the ammonia to vaporize, causing an 
explosive decompression of the biomass and considerable fiber disruption.7,54,75  AFEX 
increases defibrillation of biomass, decreases cellulose crystallinity, partially hydrolyzes 
hemicellulose, and depolymerizes lignin.  AFEX has been applied to numerous 
agricultural residues,75-84 and the process is best-suited for herbaceous crops and 
agricultural residues as opposed to hardwoods.7  The advantages of the AFEX procedure 
are that the ammonia can be recovered and recycled for future AFEX treatments, there is 
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no need for washing or neutralization following the AFEX treatment, and hemicellulose 
and cellulose are well preserved with little to no degradation.83  Despite these advantages, 
ammonia is relatively expensive and the recovery process drives up the cost of the AFEX 
treatment, and there are environmental and safety considerations for using ammonia and 
high pressures.7,76   
 
5.4.2.5 Acid Pretreatments 
Concentrated acids such as H2SO4 and HCl can be used to hydrolyze cellulose, 
but they are extremely corrosive and hazardous and therefore not used very often.  Dilute 
acid pretreatments have been developed using H2SO4,85-92 HNO3,13,93 HCl,94,95 and 
H3PO4.96-98  Elevated temperatures (140-220 °C) and high pressure reactors are needed 
when low concentrations of acid (0.1-2%) are used.  Dilute acid solubilizes hemicellulose 
but the cellulose and lignin remain intact.  With prolonged acid pretreatment, the 
hydrolyzed sugars may degrade to fermentation inhibitors such as furfural or HMF, so 
appropriate reaction conditions must be chosen to minimize this sugar degradation. 
 
5.4.2.6 Organosolv 
In the organosolv process, lignocellulose is mixed with an organic solvent and 
water and heated to dissolve the lignin and hemicellulose.  Solvents commonly used in 
organosolv processes include methanol, ethanol, acetone, ethylene glycol, triethylene 
glycol, tetrahydrofurfural alcohol, glycerol, aqueous phenol, or aqueous n-butanol.  An 
acid catalyst may be added to reduce the reaction temperature or enhance the 
delignification process.  The treatment is typically carried out at 150-200 °C. Organic 
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solvents can be costly and high-pressure equipment is required due to the high volatility 
of some of the solvents, so the use of low molecular weight alcohols (methanol, ethanol) 
is economically favored.7,13,99-108  High cellulose yields have been achieved by using the 
organosolv process.  Another advantage of the process is that relatively pure, low 
molecular weight lignins can be recovered as a by-product and these lignins can be used 
to produce other chemical feedstocks.   
 
5.4.2.7 pH controlled liquid hot water 
During LHW treatment, the pH usually drops below 4, so the pH is controlled by 
adding a base (e.g., KOH) to maintain the pH at 5-7 (the base is not used as a catalyst in 
this treatment).7,109,110    The pH is kept in this range to minimize the hydrolysis of the 
oligosaccharides.  Mosier and coworkers19,111,112 studied the pH-controlled LHW 
treatment of corn fiber and stover and optimized the conditions so that <1% of the 
carbohydrates were lost as degradation products from hydrolysis.   
 
5.4.2.8 Ionic Liquids 
Ionic liquids based on imidazolium cations have been shown to be good solvents 
for cellulose113-116 and lignocellulose.117-125  The ionic liquid anions (i.e., chloride, 
formate, acetate, or alkyl phosphonate) hydrogen bond to the hydroxyl groups in 
cellulose, which disrupts the hydrogen bonding within cellulose at elevated temperatures 
(100-150 °C).  Lignin has also been shown to dissolve in ionic liquids.126,127  The 
solubilized biomass needs to be regenerated using antisolvents (e.g., water, methanol, or 
ethanol) before the cellulose can be used in enzymatic hydrolysis.  The biggest drawback 
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to this technology is that ionic liquids are extremely expensive.  Ionic liquids can be 
recovered and recycled for future treatments, but this process is unlikely to be sufficiently 
efficient to balance out the high cost.   
 
5.5 Enzymatic Hydrolysis 
Enzymatic hydrolysis (also referred to as digestion or saccharification) is the 
process by which cellulose is broken down into glucose monomers by enzymes.  
Cellulose can also be hydrolyzed by strong inorganic acids, but enzymatic hydrolysis is 
preferred because it avoids the use of corrosive chemicals and costly equipment, it does 
not result in a significant loss of sugars, and it minimizes the formation of toxic by-
products that inhibit fermentation.  The optimal conditions for enzymatic hydrolysis are 
45-50 °C and pH 4-5.128 
Cellulases are the class of enzymes that digest cellulose, and they originate from 
aerobic fungi (e.g. Trichoderma reessi, which produced the cellulase used in the work in 
this dissertation) or aerobic bacteria.  There are three classes of enzymes based on their 
mode of action:  (1) endoglucanases, (2) exoglucanases, and (3) β-glucosidases.128  
Endoglucanases (EC 3.2.1.4) randomly hydrolyze β-1,4-glycosidic linkages in cellulose.  
Exoglucanases only attack the non-reducing ends of cellulose chains to produce 
cellobiase units (dimers of glucose). The β-glucosidase enzyme, cellobiase  
(EC 3.2.1.21), hydrolyzes cellobiose but does not attack cellulose.  If hemicellulose is  
to be enzymatically digested, additional enzymes, such as xylase, are needed.   
The factors that limit the rate and extent of cellulose hydrolysis include cellulose 
crystallinity and degree of polymerization, lignin content and distribution, lignocellulose 
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particle size, and available surface area (pore volume).129,130  Decreasing the crystallinity 
and degree of polymerization of cellulose makes it easier for the cellulases to work 
because the hydrogen bonding of the substrate has been disrupted and the chains are 
shorter.  Lignin acts as a physical barrier between the cellulases and their substrate, and 
the enzymes can bind irreversibly to the lignin surface which essentially decreases the 
enzyme concentration.131  The available surface area is considered to be a major factor in 
the ability of enzymes to digest cellulose.129  The average diameter of a hydrated 
cellulase molecule is approximately 5.1 nm, and it has been shown that increasing the 
pore size increases the enzymatic digestibility,132,133 although swelling (increasing surface 
area) without delignification did not result in improved digestibility.134  Decreasing the 
size of the lignocellulosic substrate can increase the surface area.   
 
5.6 Fermentation 
Fermentation is the process by which sugars are converted to alcohols by 
microbes (e.g., yeast, bacteria, and fungi).  Typically, hydrolysis is carried out to 
completion to produce the sugars, and then the microbes are added to begin the 
fermentation process; this is known as separate hydrolysis and fermentation (SHF).  The 
most commonly used microbe is the yeast Saccharomyces cerevisiae, although less 
robust microbes such as Zymomonas mobilis and Escherichia coli have been extensively 
studied because they have higher ethanol yields.135  Fermentation is usually carried out at 
28-35 °C for several days. 
In the enzymatic hydrolysis process, cellulase activity is inhibited by high 
concentrations of the end-product, glucose.  To overcome this, a process called 
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simultaneous saccharification and fermentation (SSF) was developed in which enzymatic 
hydrolysis and fermentation are carried out at the same time in the same reactor so that 
the glucose produced by enzymatic hydrolysis is immediately fermented to ethanol.  The 
SSF method produces up to 40% higher yields of ethanol compared to SHF processes and 
it also eliminates the need for two separate reactors.136-138  It is difficult, however, to 
achieve the perfect conditions in one reactor for both hydrolysis and fermentation 
because of the different temperatures for each process, and some of the byproducts of 
fermentation can degrade or inhibit the cellulases.  Partial saccharification and 
cofermentation (PSCF) is a combination of SHF and SSF where the enzymatic hydrolysis 
process is given a “head start” at its optimum conditions (45-50 °C, pH <5) for several 
hours, and then the temperature is lowered, the pH is raised, and then the fermentation 
microbes are added.128  Post-fermentation purification of ethanol can be achieved by 
distillation or filtration. 
A drawback of fermentation is that the commonly-used microbes can only 
ferment glucose, not xylose, so researchers are developing genetically engineered 
microbes that can ferment a variety of sugars to make ethanol production more efficient. 
Selecting the appropriate conditions and microbes for SSF or PSCF is critical, and much 
research has been devoted to optimizing these processes.   
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CHAPTER 6: SONOCHEMICAL PRETREATMENT OF MISCANTHUS  
FOR BIOETHANOL PRODUCTION 
 
 
6.1 Introduction 
Ultrasound techniques have been applied in the food and agriculture industries for 
the processing and extraction of organic compounds from plant-based materials,1-3 
including a wide variety of processes such as esterification of pectin from apple 
pressings,4,5 isolation of pharmaceutically active compounds,6 and extracting xylans from 
corn hulls and corn cobs.7,8  Relatively few studies have been reported regarding the use 
of ultrasound as a pretreatment for lignocellulosic bioethanol production.  Most of the 
studies on ultrasonic treatments of lignocellulosic biomass are regarding fractionation 
(i.e., solubilization and collection of lignin and hemicelluloses) or applications in the 
paper, food, and agriculture industries.  Researchers tend to use biomass sources that are 
indigenous to their research location (e.g., Midwest U.S. researchers have extensively 
studied corn; South American researchers have extensively studied sugar cane).  Reaction 
conditions vary significantly by research group and biomass material, so it is difficult to 
compare pretreatments.  This section will provide an overview of ultrasonic pretreatments 
of various biomass sources.   
The Grewell group has studied the effects of ultrasound on the sugar yields from 
corn,9-11 soy flakes,12,13 and cassava chips.14  They found that sonication of these 
materials in water under various ultrasound conditions caused a 20 to 40 fold reduction in 
particle size.  Figure 6.1 shows SEM images of corn slurries pretreated by ultrasound or 
by the traditional “cooking” control.  Reducing sugar yields were increased by 30% for 
corn, 50% for soy flakes, and and 180% for cassava chips.  Additionally, protein 
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extraction from the soy flakes was increased by 30-40%.  They compared the sugars 
produced from enzymatic saccharification when enzymes were added during sonication 
vs. adding the enzymes after sonication, and in all cases they found that the sugar 
production was higher when the enzymes were added during sonication.   
 
 
Figure 6.1 SEM images of corn slurry: (a) raw corn, (b) sonicated corn, (c) cooked corn, 
and (d) cooked and sonicated corn.10 
 
The Grewell group has also looked at the energy efficiency of using ultrasound 
for ethanol production.  The energy efficiency of the glucose release from raw corn slurry 
ranged from 70% to 125% depending on the treatment conditions (the efficiency greater 
than 100% indicates the additional chemical energy from the release of extra sugar 
following sonication).  They speculate that the operation of an ultrasonic system for a  
50 million gallon/year plant would consume 1,700,000 kWh of energy and the overall 
increase in ethanol production for such a plant would be 7,500,000 gallons/year.10  They 
also compared batch and continuous ultrasonic systems for the pretreatment of corn 
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slurry and found that the batch process produced more reducing sugars but the continuous 
slow process was more energy efficient.11 
The Yachmenev group studied the effects of ultrasound on the enzymatic 
hydrolysis of corn stover and sugar cane bagasse.15  The corn stover samples were 
sonicated in the presence of cellulase enzymes and the sugar yield was increased ~30% 
after just one hour of ultrasound treatment.  The sugar cane bagasse samples were first 
sonicated for various lengths of time and subsequently treated with cellulase enzymes.  
The sugar yield from sugar cane bagasse was increased by ~20% from sonication.  The 
Khanal group studied ultrasonic pretreatment of cassava chips followed by simultaneous 
liquification-saccharification and fermentation.  Sonication enhanced the ethanol yield 
2.7-fold compared to non-sonicated samples and also reduced the fermentation time by 
24 hr.16   
Ultrasound has been studied in conjunction with acid hydrolysis pretreatments to 
enhance the solubilization of hemicellulose.   Oil palm empty fruit bunch (OPEFB) was 
sonicated in a H2SO4 solution and then subjected to additional acid hydrolysis.17  The 
presence of silica bodies in OPEFB hinders the penetration of acid into the cellulose and 
hemicellulose matrix, but sonication treatment effectively removed the silica bodies and 
thus increased the acid penetration (Figure 6.2).  Without ultrasonic pretreatment, only 
22% xylose yield was obtained; with ultrasonic pretreatment, 52% xylose yield was 
obtained.  The additional acid hydrolysis was carried out at 100 °C, whereas batch 
reactors for acid hydrolysis are typically run at 120-140 °C under pressure.  OPEFB 
treated in the batch reactor at 120 °C or 140 °C produced 57% and 58% xylose yields, 
respectively; comparable xylose yields were obtained from the sonicated OPEFB with 
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lower temperature and at atmospheric pressure.  Water hyacinth was sonicated in dilute 
sulfuric acid,18 and the results showed that prolonging the ultrasound irradiation time at 
low to medium power increased sugar yields, but longer irradiation times at high power 
did not improve the sugar yields.   
 
 
 
Figure 6.2 SEM images (1000X) of (a) untreated OPEFB, (b) acid-treated OPEFB, and 
(c) acid-treated sonicated OPEFB.18   
 
Several groups have studied ultrasound-assisted fractionation of biomass.  
Ebringerová and Hromádková studied the ultrasonic treatment of corn hull,7 corn cob,8 
corn bran,19 buckwheat hull,20 and sage21 in 0-5% NaOH aqueous solutions, and found 
that higher xylose yields could be obtained from shorter treatment times and lower 
temperatures than from traditional extractions.  Similarly, Sun and Tomkinson have 
studied the lignins22 and hemicelluloses23 obtained from wheat straw using ultrasound-
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assisted alkali extractions.  Sun also studied the lignins and hemicelluloses obtained from 
poplar wood using DMSO with ultrasonic irradiation.24  It was found that the ultrasound 
treatments did not significantly improve the yield of lignin or hemicellulose (e.g., 
ultrasound increased the lignin yield by only 0.9%) but the recovered components did 
have a higher purity which Sun attributed to improved cleavage of the α-ether bonds 
between lignin and hemicellulose.  In another study, olive tree prunings were sonicated in 
sodium hydroxide or acetic solutions,25 and sonicated samples showed less cellulose 
degradation and higher concentration of hemicellulose and lignin in the filtrates.  
Alkaline peroxide solutions were used to extract arabinoxylans from wheat bran, and it 
was found that a 10 min ultrasound treatment could extract the same amount of 
arabinoxylans as a 240 min traditional treatment.26   
Model cellulose materials have been used in several ultrasound studies.  The most 
commonly used model cellulose materials are carboxymethyl cellulose (CMC), which is 
amorphous, and Avicel®, which is highly crystalline.  Cheng and coworkers studied four 
kinds of cellulose materials:  regenerated cellulose fiber (lyocell), pure cellulose fiber 
(TC40), microcrystalline cellulose (Avicel®), and pulp fiber.27,28  They found that 
ultrasonic treatments caused an increase in cellulose fibrillation and decrease in fibril 
size, as well as a decrease in cellulose degree of polymerization and crystallinity.    Filson 
and Dawson-Andoh studied the crystallinity of Avicel® after ultrasound-mediated acid 
hydrolysis and found that the ultrasound treatment reduced amorphous cellulose domains 
and produced cellulose nanocrystals.29  These studies provide important information 
about how ultrasound affects cellulose, but these are not realistic studies because the pure 
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cellulose materials are not comparable to lignocellulosic materials that would actually be 
used in industry.   
The Energy Biosciences Institute (University of Illinois at Urbana-Champaign 
and University of California at Berkeley) has focused on the dedicated energy crop 
Miscanthus x giganteus (Mxg) because it grows well in the Midwest U.S. and it has been 
shown to produce ~3 times greater yields of lignocellulose per acre than other crops such 
as switchgrass.  The composition of Mxg is shown in Figure 6.3.   
 
 
Figure 6.3 Composition of Miscanthus x giganteus (Mxg). 
 
Literature on the pretreatment of Mxg is rare compared to other biomass sources, 
but there are some isolated reports of AFEX,30 one-step extrusion/NaOH,31 ionic 
liquids,32,33 ethanol organosolv,34,35 alkaline peroxide and electrolyzed water,36 and dilute 
sulfuric acid/wet explosion37 pretreatments on Mxg.  Advanced analysis of Mxg (before 
and after pretreatment) has also been performed using three-dimensional confocal Raman 
imaging and laser desorption ionization mass spectrometry (LDI-MS) and secondary ion 
mass spectrometry imaging (SIMS).38-40  These studies determined the spatial distribution 
of saccharides in Mxg, and SIMS showed colocalization of lignin and cellulose. Confocal 
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Raman imaging of Mxg pretreated with NaOH showed that after short treatment times, 
the lignin was preferentially removed from the interior surface of the cell walls, and after 
long treatment times, the lignin was completely removed and the cellulose was 
undisturbed.   
To date, no one has published a study on the effects of ultrasound on Mxg.  The 
Suslick group has demonstrated the effects of ultrasound on the surface of metal particles 
and inorganic particles in solid-liquid slurries, and the work presented in this chapter 
extends the group’s efforts to include the effects of ultrasound on organic particle slurries 
by studying slurries of Mxg in alkaline solutions.  Alkaline pretreatments have been 
shown to affect the surface of biomass particles by enhancing delignification as well as 
increasing hemicellulose solubilization (as discussed in Chapter 5); the surface effects of 
ultrasound are used here to enhance the surface effects of alkaline pretreatment. 
 
6.2 Experimental Methods 
 
6.2.1 HIUS Equipment 
A schematic of the experimental apparatus used for sonication of Mxg slurries is 
shown in Figure 6.4.  A Sonics & Materials Vibra Cell VCX 600 power supply was 
connected to a CV-26 transducer operating at 20 kHz with a titanium horn tip.  The horn 
tip is 0.5 inches in diameter and it is threaded into the horn so it can be replaced if it 
becomes damaged.  The horn tip should be polished using fine emery cloth (to prevent 
nucleation of surface cavitation and horn erosion).  Prior to experiments, the horn was 
tuned in air to a minimum power output on the controller box.   
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Figure 6.4 Schematic of the experimental apparatus used for sonication of Mxg slurries.   
 
The amount of power delivered to the transducer can be adjusted on the power 
supply from 20% to 100%.  The power was calibrated using calorimetry.  250 mL water 
(at room temperature) was sonicated for three minutes in a glass dewar and the 
temperature of the water was recorded every 30 seconds using a submerged 
thermocouple.  This procedure was repeated at every 10% of power using new water each 
time to maintain a fairly consistent starting temperature.  The heat produced from 
sonication, in watts, (Q) is determined by equation 6.1: 
 t
TmCQ p 


 (6.1) 
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where Cp is the heat capacity (4.179 J/g °C for water), m is the mass of the water, ΔT is 
the change in temperature during sonication, and Δt is the sonication time.  The 
ultrasound intensity, in W/cm2, is found by dividing Q by the area of the tip surface.  For 
the horn used in these experiments, the power ranged from 12 W/cm2 (20% power) to  
62 W/cm2 (80% power).   
Experiments were performed in a modified Suslick cell (Figure 6.5) fabricated by 
the University of Illinois School of Chemical Sciences Glass Shop. The neck of the cell 
was 2.5 cm OD and approx. 3 cm long.  The bulb of the cell was approx. 5 cm in 
diameter so as to accommodate approx. 50 mL of liquid.   One arm on the cell allowed 
for a thermocouple to be inserted into the slurry to monitor temperature during 
sonication.  Other variations of the Suslick cell can be used.  The cell was attached to the 
horn with a stainless steel collar with o-rings.  The sonication cell was immersed in a 
circulating water bath in order to maintain a constant temperature in the cell during 
sonication.   
 
 
Figure 6.5 Schematic of the modified Suslick cell used in the sonication experiments. 
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6.2.2 Materials 
Dried, ball-milled Mxg (passed through a 2 mm sieve) was obtained from the 
University of Illinois Energy Farm.  A photograph of the Mxg, as received, is shown in 
Figure 6.6.  Sodium hydroxide pellets (Sigma-Aldrich, 97+%) were used as purchased.  
Stock solutions of 0.25 M and 1.25 M NaOH were prepared by dissolving appropriate 
amounts of NaOH pellets in deionized water.   
 
 
Figure 6.6 Photograph of dried, ball-milled Mxg. 
 
6.2.3 Sonication of Mxg Slurries 
A slurry containing 1 wt% or 5 wt% Mxg (w/v) was prepared in the sonication 
cell.  The cell was attached to the horn collar and then lowered into the water bath.  For 
continuous ultrasound experiments, the water bath was set to 35 °C; for pulsed ultrasound 
experiments, the water bath was set to 25 °C.  Sonication was started immediately. 
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50% amplitude (35 W/cm2) was used for all experiments, unless otherwise noted.  
Pulsed ultrasound experiments used a 20% duty cycle (2 seconds on, 8 seconds off), so 
the total time of each pulsed ultrasound experiment was five times the ultrasound time 
(e.g., 30 minutes of ultrasound took 2.5 hours total). 
 
6.2.4 Stirred Mxg as a Control 
A water-jacketed vessel (Figure 6.7) was used to prepare samples of Mxg stirred 
in the pretreatment liquid.  The vessel was connected to a water circulating bath and the 
circulating water was preheated to 35 °C or 70 °C.  A slurry containing 1 wt% or 5 wt% 
Mxg (w/v) was prepared in the warmed water-jacketed vessel.  The slurry was stirred 
with a stir bar at medium-high speed on a stir plate.  The controls for the continuous 
ultrasound experiments were stirred for the same time; the controls for the pulsed 
ultrasound experiments were stirred for the corresponding time of the total experiment. 
 
from 
water 
bath
to
water 
bath
stirring
chamber
 
Figure 6.7 Water-jacketed vessel used for stirring Mxg slurries. 
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6.2.5 Isolation of Pretreated Mxg 
The pretreated slurry was transferred from the sonication cell or stirring vessel to 
centrifugal filter tubes with a 0.22 μm Nylon or PVDF membrane (Fisher #03-377-169 or 
03-377-171).  The slurry was centrifuged (<5000 rpm) for 10-20 minutes, and the filtrate 
was collected for later analysis.  Deionized water was added to the Mxg in the top of the 
tube, and then the slurry was centrifuged again.  This washing procedure was performed 
at least 6 times or until the residual base was removed from the solid.  All filtrates were 
collected and stored at 4 °C.  The solid material was  transferred to a Buchner funnel and 
filtered on a 0.2 μm Millipore Isopore polycarbonate hydrophilic 90 mm membrane 
(Millipore #GTTP09030).  The solid was dried on the funnel and then the solid was dried 
in a 50 °C incubator oven for at least 24 hours. 
 
6.2.6 Materials Characterization 
 
6.2.6.1 Scanning Electron Microscopy 
Scanning electron microscope (SEM) images were obtained on a JEOL 7000F 
instrument operating at 10 kV with a medium probe current and a working distance of  
10 mm.  SEM samples were prepared by spreading dried Mxg on carbon tape.  Samples 
were coated with approximately 10 nm of AuPd prior to analysis to prevent surface 
charging. 
 
 
 
195 
 
6.2.6.2 Simons’ Stain Method (Dye Adsorption) 
Direct Blue 1 (Chicago Sky Blue 6B, C.I. 24410, Sigma-Aldrich), Direct Orange 
15 (Calcomine Orange 5 RE, C.I. 40002/3, Sigma-Aldrich Rare Chemicals Library), 
pyridine (Fisher, certified ACS), and sodium chloride (Mallinckrodt Chemicals, ACS 
grade) were used as purchased. 
Figure 6.8 shows the structure of the Direct Blue 1 and Direct Orange 15 dyes.  
The Direct Blue 1 dye is reported to have a hydrodynamic radius of <5 nm.  A 1 wt% 
Direct Blue 1 solution was prepared by dissolving the dye in an appropriate amount of 
deionized water. 
The Direct Orange 15 dye is reported to have two molecular weight fractions:41  
~80% of the dye is the low molecular weight (LMW) fraction which dye molecules with 
hydrodynamic radii <5 nm, and the remaining ~20% of the dye is the high molecular 
weight (HMW) fraction which contains dye molecules with hydrodynamic radii 5-7 nm 
and 12-36 nm.  Only the HMW Direct Orange 15 dye is needed for Simons’ Stain 
Method, so the LMW fraction is removed from the dye by ultrafiltration using centrifugal 
concentrators (Corning Spin-X UF 20 mL tubes with 100,000 MWCO membrane, Fisher 
#07-201-354).  A 1 wt% Direct Orange 15 solution was prepared by dissolving the dye in 
deionized water and then the solution was centrifuged (Fisher Model 225 centrifuge, 
<5000 rpm) for 20 minutes.  Water was added to the top of the centrifugal concentrator 
tubes to dissolve the HMW fraction of the dye, and then this HMW solution was 
transferred to a dried round bottom flask.  The HMW solution was dried by rotary 
evaporation (with the water bath kept <50 °C), and then the round bottom flask was 
placed in a vacuum oven to finish drying overnight at <50 °C.  The weight of the HMW 
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fraction was calculated, and then the amount of water needed to make a 0.2 wt% HMW 
solution was added to the flask to dissolve the dye.   
 
Direct Blue 1 
 
Direct Orange 15 
N N
NaO3S SO3Na
NaO3S
N N
SO3Na
x  
Figure 6.8 Structures of Direct Blue 1 and Direct Orange 15 dyes. 
 
10 mg of a dried Mxg sample was added to a 7 mL scintillation vial with 
polyethylene screw cap (Fisher, #03-337-26).  1 mL of a 2.5 wt% NaCl solution, 1 mL of 
the 1 wt% Direct Blue 1 solution, and 1 mL of the 0.2 wt% HMW Direct Orange 15 
solution were added to the vial and then capped securely.  The vials were floated in a  
75 °C water bath for 48 hours. 
After the 48 hour incubation period, the Mxg/dye mixture was filtered through a 
coarse fritted funnel (2 mL) and washed with deionized water until the filtrate ran clear.  
The Mxg was removed from the funnel and blotted between two pieces of filter paper 
(Whatman, Grade 1 qualitative circles, 55 mm or 70 mm diameter) to remove the excess 
dye.  The Mxg was then transferred to a clean 7 mL scintillation vial and 2 mL of a 25% 
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pyridine solution was added.  The vials were floated in a 45 °C water bath for 18 hours to 
strip the adsorbed dye from the Mxg.   
After the 18 hour stripping period, the Mxg/pyridine mixture was filtered through 
a coarse fritted funnel (2 mL) and washed with 2 mL of the 25% pyridine solution.  The 
solution was transferred to a graduated cylinder.  The filtration flask was rinsed with  
<1 mL of the 25% pyridine solution and the rinse solution was also added to the 
graduated cylinder.  The total volume was brought to 5 mL by adding additional 25% 
pyridine solution.  This stripping solution was stored at 4 °C.   
The stripping solution was analyzed by UV-vis spectroscopy.  UV-vis samples 
were prepared by adding 1 mL of the stripping solution and 3 mL of the 25% pyridine 
solution to a disposable polyethylene cuvette.  The absorbance was measured at 450 nm 
and 622 nm against a 25% pyridine solution background on a Varian Cary 50 (using a 
“fast scan”).   The concentrations of each dye in the stripping solution were determined 
by simultaneously solving the equations for the Lambert-Beer law for a binary mixture 
(Equations 6.2 and 6.3): 
 A450 = εO/450LCO + εB/450LCB  (6.2) 
 A622 = εO/622LCO + εB/622LCB  (6.3) 
where A is the absorption of the mixture at 450 nm or 622 nm, ε is the extinction 
coefficient of each compound at 450 nm or 622 nm, and L is the path length (i.e., width 
of the cuvette, in this case, 1 cm).  The extinction coefficients were calculated by 
preparing standard curves of each dye and measuring the slope of their absorbances vs. 
concentration at 450 nm and 622 nm. 
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6.2.6.3 Compositional Analysis  
Compositional analysis of solid and liquid samples was performed by the 
analytical lab staff at the Energy Biosciences Institute at the University of California at 
Berkeley.  The brief description of procedures presented here has been adapted from the 
information provided by the analytical lab staff.   
Pretreated, dried Mxg samples were analyzed for cellulose, hemicellulose, and 
Klason lignin content.  Cellulose and hemicelluloses are determined via their acid 
hydrolysis products (monosaccharides).  In Mxg, glucose almost exclusively originates 
from cellulose whereas xylose and arabinose originate from hemicelluloses.   
Pretreated, dried Mxg was ball-milled prior to compositional analysis.  5 mg of 
dried and ball-milled Mxg was placed in a Sarstedt tube, and 0.5 mL of 72% sulfuric acid 
was added to the tube and vortexed for 5 seconds in order to mix the acid and the solids.  
The tube was allowed to rest at room temperature for one hour with vortexing every  
15 min.  1.4 mL Millipore water was added to the vial and then the vial was capped and 
crimped and then Autoclaved for 60 minutes on liquid cycle.  The vial was cooled to 
room temperature and then stored at 4 °C overnight.  0.5-1 mL of clear supernatant 
(filtered with a 0.45 μm filter) was extracted for monosaccharide analysis by HPLC.  A 
Bio Rad Aminex HPX-87H (300x7.8 mm) column at 50 °C  was used with isocratic 
0.005 M sulfuric acid mobile phase at a flow rate of 0.6 mL/min for 50 min, with a DAD 
and refractive index detector.  Calibration standard concentrations used were 0.01, 0.05, 
0.1, 1, 2, and 20 mg/mL.   
The suspension was filtered through pre-weighed glass microfiber filters (and the 
vial was rinsed out with water three times to be sure that all solids were washed onto the 
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filter).  The filter was dried at 105 °C overnight, then cooled in a desiccator and weighed.  
The filter was ashed at 575 °C for at least three hours (the temperature ramp is described 
below for the ash analysis), then cooled in a desiccator and weighed.  The % Klason 
lignin was calculated by equation 6.4: 
 
100%*
biomass) initial dried edm(hydrolyz
ash)m(filter solids)driedm(filter lignin Klason % 
   (6.4) 
Ash is determined before and after extraction.  The ash content after extraction is 
considered to be “structural inorganics”, and the difference between ash content before 
and after extraction is considered to be “non-structural inorganics”.   
A glass vial was heated in a furnace at 575 °C overnight, then cooled on a heat 
resistant surface for one minute and then placed in a desiccator for 30 minutes and then 
the vial was weighed.  50-100 mg of dried and ball-milled Mxg was placed in the vial and 
weighed.  The vial was placed in a furnace and heated to 120 °C and held for 10 minutes, 
then the temperature was increased to 200 °C and held for 10 minutes, then the 
temperature was increased to 300 °C and held for 30 minutes, then the temperature was 
increased to 575 °C and held for at least three hours.  The vial was cooled to 105 °C and 
then placed in a desiccator for 30 minutes and then weighed.  The % ash was calculated 
by equation 6.5: 
 
100%*
biomass) initial m(dried
m(vial)-ash)m(vial  ash % 
   (6.5) 
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6.2.7 Enzymatic Digestion and Sugar Analysis 
 
6.2.7.1 Enzymatic Digestion 
Trisodium citrate dehydrate (Fisher, enzyme grade), citric acid monohydrate 
(Fisher, certified ACS), Novozyme 188 (Sigma-Aldrich), cellulase from Trichoderma 
reesei ATCC 26921 (Sigma-Aldrich), and sodium azide (source unknown) were used as 
purchased.  
This procedure for enzymatic digestion of lignocellulosic materials was adapted 
from the NREL Technical Report NREL/TP-510-42629.42  Enzymatic digestion of each 
sample was performed in triplicate. 
A 0.1 M, pH 4.8 sodium citrate buffer was prepared by dissolving appropriate 
amounts of citric acid monohydrate and trisodium citrate dehydrate in deionized water.   
100 mg of dried Mxg were added to a 20 mL scintillation vial with polyethylene 
screw cap (Fisher, #03-337-15).  5 mL of the sodium citrate buffer (0.1 M, pH 4.8),  
4.773 mL of deionized water, and 100 μL of a 2% sodium azide solution were added to 
each vial.  The vials were placed in a 50 °C incubator oven for ~1 hour to warm up.   
5.8 μL cellulase and 21.1 μL Novozyme 188 (cellobiase) were added to the warm vials.  
Substrate blank solutions were prepared by adding 100 mg of raw Mxg, 5 mL of the 
sodium citrate buffer, 4.8 mL deionized water, and 100 uL of the sodium azide solution 
to a scintillation vial.  Enzyme blank solutions were prepared by adding 5 mL of the 
sodium citrate buffer and 4.973 mL deionized water to a scintillation vial, warming to  
50 °C, and then adding 5.8 μL cellulase and 21.1 μL Novozyme 188 (cellobiase).  All 
vials were continuously agitated on a Barnstead/Thermadyne Labquake® Rotisserie in a 
50 °C incubator oven for 96 hours (4 days). 
201 
 
At the conclusion of the incubation period, the vials were immediately placed in 
an ice bath to stop the enzymatic digestion.  The Mxg/enzyme mixture was centrifuged 
(<5000 rpm) for 10-15 minutes to separate the solids.  The enzyme liquors were 
additionally filtered using a 0.2 μm PVDF syringe filter (Fisher #09-302-114).    Liquors 
were stored at 4 °C until analysis. 
 
6.2.7.2 HPLC Analysis of Reducing Sugars 
A Bio Rad Aminex HPX-87H (300x7.8 mm) column at 50 °C  was used with  
0.01 N sulfuric acid mobile phase at a flow rate of 0.6 mL/min, with a refractive index 
detector.  Calibration standard concentrations used were 0.01, 0.05, 0.1, 1, 2, and  
20 mg/mL.   
 
6.2.7.3 Dinitrosalicylic Acid Assay for Reducing Sugars 
The dinitrosalicylic acid (DNS) assay method43 can also be used to measure the 
amount of reducing sugars in the enzyme liquors.  This method cannot provide the 
identity of the individual reducing sugars present in the solutions; this method was only 
used for preliminary analysis when HPLC analysis was not available.  The procedure for 
preparing the dinitrosalicylic acid (DNS) solution and developing the DNS samples was 
adapted from NREL LAP-006.44   
 3,5-dinitrosalicylic acid (Sigma-Aldrich), sodium potassium tartrate tetrahydrate 
(Mallinckrodt Chemicals, ACS grade), phenol (EM Science, reagent grade), sodium 
metabisulfite (Fisher, certified ACS), and D-(+)-glucose (Sigma-Aldrich, 99.5%) were 
used as purchased. 
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The DNS solution was prepared by dissolving 5.3 g dinitrosalicylic acid and 9.9 g 
sodium hydroxide in 708 mL deionized water, and then adding and dissolving 153 g 
sodium potassium tartrate (Rochelle salt), 4.066 g phenol, and 4.15 g sodium 
metabisulfite.  The sulfite is added to the DNS reagent to absorb dissolved oxygen in the 
system which can interfere with glucose oxidation; phenol is added to intensify the color 
density; potassium sodium tartrate is added to stabilize the color. 
Glucose standards were prepared by preparing a glucose stock solution  
(10 mg/mL) and then diluting aliquots of the stock solution with 0.1 M, pH 4.8 sodium 
citrate buffer (prepared for enzymatic digestion, see section 6.2.6.2) to make glucose 
standard solutions with concentrations of 3.33, 2.23, 1.67, 1.1, and 0.67 mg/mL.   
To perform the DNS assay, 1.5 mL of the filtered enzyme liquor (or glucose 
standard solution) and 3 mL of the DNS solution were added to a 13x100 mm disposable 
culture tube (Fisher #14-961-27).  A DNS blank was prepared by adding 1.5 mL 
deionized water and 3 mL of the DNS solution to a culture tube.  All culture tubes were 
placed in a boiling water bath for exactly 5 minutes and then immediately removed and 
placed in an ice water bath until cool.  Developed DNS solutions should be stored at 4 °C 
to keep the color stabilized.  If they are stored at room temperature, the solution will 
revert back to the original color of the DNS solution. 
The developed DNS solutions were analyzed by UV-vis spectroscopy.  UV-vis 
samples were prepared by adding 165 μL of the developed DNS solution and 2.835 mL 
of deionized water to a disposable polyethylene cuvette.  The absorbance was measured 
at 540 nm against a deionized water background on a Varian Cary 50 (using a fast scan).  
A calibration curve was constructed using the absorbances of the developed DNS glucose 
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standard solutions.  The absorbance of a DNS blank solution was subtracted from the 
absorbance of the developed DNS solution and the calibration curve was used to 
calculate the concentrations of reducing sugars in the enzyme liquors. 
 
6.3 Alkaline-Assisted Sonication of Mxg  
 
6.3.1 Surface Morphology of Sonicated Mxg   
Figure 6.9 shows low and high magnification SEM images of untreated (raw) and 
pretreated Mxg.  Raw Mxg shows a broad distribution of particle sizes <2 mm because of 
the nature of the ball-milling preparation.  Generally, raw Mxg has a smooth surface, 
although smaller Mxg pieces give the appearance of a “dusty” surface.  Mxg that was 
stirred in NaOH for 30 min showed prominent “veins” most likely due to the swelling 
that occurs when lignocellulosic material is soaked in a liquid.  The surface of the stirred 
Mxg was slightly roughened, and some particle fracture and porosity were evident.  Mxg 
that was sonicated in water for 30 minutes showed more prominent particle fracture and 
porosity, and the unfractured surfaces were still relative smooth.  Mxg that was sonicated 
in NaOH solution showed the most drastic morphology changes:  the surface was more 
severely roughened and there was drastic particle fracture and increased porosity.  Based 
on these observations of morphology after various pretreatments, it can be concluded that 
ultrasound increases porosity and induces particle fracture, whereas the alkaline 
pretreatment increases the roughness of the surface.   
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Figure 6.9 Low and high magnification SEM images of (a and b) untreated (raw) Mxg, (c and 
d) Mxg stirred in NaOH solution for 30 min, (e and f) Mxg sonicated in water for 30 min 
(continuous US) at 70 °C (20 kHz, 35 W/cm2), and (g and h) Mxg sonicated in NaOH solution 
for 30 min (continuous US) at 70 °C (20 kHz, 35 W/cm2).   
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6.3.2 Hemicellulose Solubilization from Sonication in NaOH 
The amount of hemicellulose in the pretreated Mxg was determined by the 
compositional analysis by acid digestion.  The amount of hemicellulose found in the 
pretreated samples decreased as the pretreatment time increased, which is shown in 
Figure 6.10 as the amount of hemicellulose that was solubilized during pretreatment.   
30 minutes of sonication in water (both continuous at 70 °C and pulsed at 35 °C) did not 
significantly solubilize any hemicellulose.  Both the continuous and pulsed ultrasound 
treatments in 1.25 M NaOH solubilized ~30% of the hemicellulose in Mxg; this is a ~5% 
increase in solubilization compared to stirring at 70 °C and a ~10% increase compared to 
stirring at 35 °C.    
 
Figure 6.10 Hemicellulose solubilization from pretreatment of Mxg by stirring or 
sonication (20 kHz, 35 W/cm2) as determined by compositional analysis of the pretreated 
solids.   
 
HPLC analysis showed that the filtrates from the pretreatment process contained 
low levels of glucose, xylose, arabinose, and acetate (Table 6.1).  No HMF or furfural 
was found in the filtrate.  The concentrations of glucose released during the pretreatment 
are ~5% of the total glucose content of raw Mxg, and the xylose concentration is only 
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~1% of the total xylose content of raw Mxg.  The NaOH stirring treatments produced 
nearly twice as much acetate as the corresponding ultrasound treatments (acetate 
originates from the acetyl groups substituted on the xylan chains of hemicellulose).  It is 
interesting to note that the treatment temperature affected the amount of solubilized 
species from the stirred treatments but not the ultrasound treatments.   
 
Table 6.1 Concentrations of species found in filtrates from various pretreatments. 
 Glucose [mg/g Mxg] 
Xylose 
[mg/g Mxg] 
Arabinose 
[mg/g Mxg] 
Acetate 
[mg/g Mxg] 
Cont. US, 70 °C 23.8 0.8 1.6 33.2 
Stirred, 70 °C 34.6 1.2 3.6 76.6 
Pulsed US, 35 °C 16.2 0.4 1.4 33.8 
Stirred, 35 °C 12.6 0.5 1.0 59.0 
 
 
6.3.3 Delignification from Sonication in NaOH 
The amount of lignin in the pretreated Mxg was determined by the compositional 
analysis by acid digestion.  Figure 6.11 shows that delignification increased with 
increasing treatment time.  ~20% lignin was removed by 30 minutes of continuous 
sonication at 70 °C or pulsed sonication at 35 °C in 1.25 M NaOH, whereas only ~15% 
lignin was removed from the 70°C stirring pretreatment and ~10% lignin was removed 
from the 35 °C stirring pretreatment.  The physical effects of ultrasound enhance the 
NaOH pretreatment because the erosion and particle fracture from cavitation at an 
extended surface increase the surface area and thus more lignin is exposed and can be 
dissolved.  30 minutes of sonication in water (both continuous at 70 °C and pulsed at  
35 °C) removed ~10% lignin.   
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Figure 6.11 Delignification from pretreatment of Mxg by stirring or sonication (20 kHz, 
35 W/cm2) as determined by compositional analysis of the pretreated solids. 
 
 
6.3.4 Cellulose Accessibility of Pretreated Mxg Measured by Dye Adsorption 
Nitrogen adsorption is typically used to measure surface area and porosity of 
materials, however, this technique involves drying the substrate which can affect the pore 
structure so it does not give a measurement that is comparable to the material in its 
swollen state.45  Enzymatic digestion is carried out in a liquid medium, so it is better to 
study the porosity of the substrate in a liquid medium.  Semi-quantitative porosity 
measurements were made using the Simons’ stain method of dye adsorption.  Dyes are 
well known to be sensitive probes to characterize cellulose,41,46 and the size of a dye 
molecule is more comparable to the size of an enzyme than a nitrogen molecule.45  
Simons’ stain is a two-color differential stain that is sensitive to the variation in the 
accessibility of the interior structure of cellulosic materials.  When treated with a mixture 
of Direct Orange 15 (HMW) and Direct Blue 1 dyes, fibers will stain blue in pores  
<5 nm or orange in pores >5 nm.41,46-49  Direct dyes are physically adsorbed to 
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cellulose,41,46 so dye adsorption only occurs when the pores in the lignin layer allow 
access to the interior cellulose.  The relative amounts of each dye adsorbed correspond to 
the relative amounts of smaller and larger pores in Mxg.  The diameter of the Direct 
Orange 15 molecules is very similar to that of the catalytic core of Trichoderma reesei 
endoglucanase, therefore the amount of orange dye molecules can be used as a measure 
of accessibility to large enzyme components.49  It is important to note that this method 
does not take the pore geometry into account. 
Figure 6.12 shows that Mxg pretreated with NaOH adsorbed increasing amounts 
of Direct Orange 15 dye as the pretreatment time increased, but the amount of Direct 
Blue 1 adsorbed remained relatively constant.  This correlates to an increase in pores  
>5 nm from NaOH pretreatment.  Mxg that was sonicated in NaOH at 70 °C or 35 °C 
adsorbed ~6 times more Direct Orange 15 than untreated Mxg.  The Mxg that was stirred 
in NaOH at 70 °C adsorbed ~5 times more Direct Orange 15 than untreated Mxg, but the 
Mxg that was stirred in NaOH at 35 °C only adsorbed ~3 times as much dye.  
Temperature appears to be more important in stirring pretreatments than in sonication 
pretreatments. 
The removal of lignin and hemicellulose can cause swelling of the cellulose, 50,51   
which would increase the surface area and allow more of the larger dye molecules to 
access the cellulose.  It has been shown that in lignocellulosic materials with 
heterogeneous particle sizes, the smaller particles have a significantly higher percent pore 
volume than the larger particles.52  Sonication in water resulted in a decrease in particle 
size but no increase in dye adsorption, which indicates that the increased dye adsorption 
by alkaline-sonicated Mxg was not a result of the decrease in particle size but more likely 
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a result of an increase in surface porosity.  Mxg that was sonicated in water experienced 
definite surface erosion and particle fracture as observed by SEM (Figure 6.9), but the 
lack of increased dye adsorption indicates that the effects of sonication alone were not 
strong enough to penetrate the lignin layer and give access to the cellulose.  Therefore, 
the increased surface porosity in alkaline-sonicated Mxg was due to the chemical effects 
of NaOH pretreatment which were enhanced by the presence of ultrasound.     
 
 
Figure 6.12 Direct Orange 15 and Direct Blue 1 adsorption on pretreated Mxg.  
Ultrasound pretreatment:  20 kHz, 35 W/cm2. 
 
6.3.5 Glucose Yield from Enzymatic Digestion of Pretreated Miscanthus  
The glucose yields presented in this section were determined by HPLC analysis 
after enzymatic digestion.  ~70% glucose yield was obtained from the enzymatic 
digestion of Mxg pretreated by ultrasound in 1.25 M NaOH at both 70 °C and 35 °C, 
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whereas only ~50% and ~40% glucose yields were obtained from stirring at 70 °C and 35 
°C, respectively (Figure 6.13).   
 
 
Figure 6.13 Glucose yield from the enzymatic digestion of pretreated Mxg.  Ultrasound 
pretreatment: 20 kHz, 35 W/cm2. 
 
Cellulase diameters range from 2.4 nm to 7.7 nm, with a mean of 5.9 nm 
(assumed to be spherical).53,54  Grethlein and coworkers55 and Chandra and coworkers48 
demonstrated that an increase in pore volume after pretreatment corresponded to an 
increase in cellulose digestibility.  The data presented here also demonstrates the 
correlation between glucose yields and delignification and increase in pores >5 nm 
(HMW Direct Orange 15 adsorption).  The ultrasound treatment in water did not have 
any effect on the glucose yield, which can be attributed to the fact that the pretreatment 
did not increase pores >5 nm.   
 
6.3.6 Effects of Ultrasound and Slurry Parameters 
The effects of NaOH concentration, ultrasound intensity, Mxg slurry loading, and 
ultrasound pulse sequence were briefly investigated to optimize the experimental 
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parameters.  The glucose yield from enzymatic digestion of the sonicated Mxg samples 
was used to measure the effectiveness of the different experimental conditions, and in all 
cases, the glucose yields correlated with the amount of Direct Orange 15 dye adsorbed (in 
pores >5 nm). 
Mxg pretreated with continuous ultrasound at 70 °C in 1.25 M NaOH produced 
~25% more of the theoretical glucose yield than the Mxg pretreated under the same 
ultrasound conditions in 0.25 M NaOH (Figures 6.14a-b).  Stronger base conditions lead 
to increased dissolution of lignin and therefore more porosity in Mxg. 
Mxg was pretreated with continuous ultrasound at 70 °C in 0.25 M NaOH using 
different intensities of ultrasound.  Mxg pretreated at 35 W/cm2 produced the highest 
glucose yield (Figures 6.14c-d).  Acoustic cavitation is weaker at lower acoustic 
intensities and therefore unable to penetrate the lignin layer as effectively, and acoustic 
cavitation is stronger at higher intensities and may cause more particle fragmentation 
rather than surface damage and increased pores.   
The slurry loading can affect the amount of ultrasound-induced interparticle 
collisions:56 if the slurry is too dense the particles will not be able to move fast enough  
in the liquid to cause any damage when they collide, and if there are too few particles in 
the slurry they are less likely to collide and damage each other.  The Mxg slurry loading 
was reduce to 1 wt% Mxg, but little change in the glucose yield was observed even 
though the lower slurry loading showed a decrease in Direct Orange 15 dye adsorption  
(Figures 6.14-e-f).  It is possible that slurry loadings higher than 5 wt% could still 
produce high glucose yields, though it should be noted that the 5 wt% slurry is rather 
thick and higher loadings are less manageable and were not used in these initial 
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experiments.  High slurry loadings are beneficial for pretreatment on an industrial scale 
because it would allow more material to be processed in the same time period.   
In order to test the effect of the duty cycle, the ultrasound pulse sequence was 
changed from 2 sec on/8 sec off to 5 sec on/5 sec off, while maintaining the temperature 
in the cell at 35 °C using 1.25 M NaOH.  No change in glucose yield was observed by 
changing the pulse sequence (Figures 6.14g-h).   
 
6.4 Conclusions  
There are many factors that affect the ability of the enzymes to digest cellulose.45  
The data presented here show that the physical effects of ultrasound include 
fragmentation of Mxg and an increase in pores >5 nm.  The chemical effects of NaOH 
pretreatment are delignification and hemicellulose solubilization, both of which were 
shown to be enhanced by the physical effects of ultrasound.  ~70% glucose yield was 
obtained from the Mxg that was pretreated by ultrasound in 1.25 M NaOH.  The results 
from ultrasound pretreatment in NaOH indicate that glucose yields comparable to those 
obtained by traditional alkaline pretreatments can be obtained in a shorter time at a lower 
temperature, although any economic advantages of ultrasound with regards to energy 
balance are still unclear.   
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Figure 6.14 Direct Orange 15 adsorption and glucose yields from pretreated Mxg by 
varying (a and b) NaOH concentration (continuous US at 70 °C, 20 kHs, 35 W/cm2), (c 
and d) ultrasound intensity (in 0.25 M NaOH, 20 kHz), (e and f) Mxg slurry loading (in 
1.25 M NaOH, 20 kHz, 35 W/cm2), and (g and h) ultrasound pulse sequence (in 1.25 M 
NaOH at 35 °C, 20 kHz, 35 W/cm2). 
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